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ABSTRACT 
 
Performance is an organism’s ability to accomplish a particular task or behavior, and 
morphology can have a major impact on the performance of an organism. Salamanders are 
ecologically diverse and can feed using a variety of behaviors depending on the environment in 
which feeding occurs. Feeding is accomplished through the use of the hyobranchial apparatus, 
which lies along the oropharynx, and this structure can have competing roles; in aquatic 
environments the apparatus is used for suction feeding and works to depress the floor of the 
mouth, but during terrestrial feeding this structure projects the tongue forward out of the mouth. 
Diverse morphologies of the hyobranchial apparatus enable varying degrees of feeding 
performance, both in aquatic and terrestrial environments. For my dissertation I have 
investigated the interactions, and possible functional trade-offs, of feeding morphology and 
performance in salamanders of Family Salamandridae. These salamanders are an ideal system 
for studying the interactions of morphology and performance across different environments 
because they have diverse ecology, being either fully aquatic, semi-aquatic, or terrestrial as 
adults, as well as differences in hyobranchial apparatus morphology. In these studies I have 
quantified the morphology and performance of seven salamandrid species feeding in aquatic 
(Chapter 2) and terrestrial (Chapter 3) environments to assess the links between these two 
parameters, as well as investigated the evolutionary patterns of feeding morphology, 
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performance, and behavior across the Salamandridae (Chapter 4) to better understand the co-
evolution of these traits across water-land transitions. 
During aquatic feeding salamanders use rapid mouth opening and hyobranchial 
depression to expand the oropharynx and generate negative pressure, and fluid flow, into the 
mouth. I hypothesized that more robust hyobranchial apparatus would yield increased aquatic 
feeding performance in salamandrids. When compared to semi-aquatic newts, the fully aquatic 
species, Paramesotriton labiatus, had greater mineralization of the hyobranchial apparatus, as 
well as relatively narrower basibranchial and wider ceratobranchial I + II complexes. These 
morphological differences coincide with greater aquatic feeding performance. Kinematics from 
high-speed videography revealed that maximum mouth opening velocities and accelerations 
were approximately two and five times greater, respectively, in Paramesotriton, and 
hyobranchial depression acceleration was found to be approximately three times greater than in 
the semi-aquatic species Pleurodeles, Notophthalmus, Triturus, and Cynops. Using digital 
particle image velocimetry, peak and average fluid velocities generated in Paramesotriton during 
suction feeding events were found to be 0.5 m s-1 and 0.2 m s-1, respectively, doubling that of all 
semi-aquatic species. These findings reveal that specialized morphology increases aquatic 
feeding performance in a fully aquatic newt.  
Salamanders use the hyobranchial apparatus and its associated musculature for tongue 
projection during terrestrial feeding.  Hyobranchial apparatus composition and morphology vary 
across species and different morphologies are better suited for feeding in aquatic versus 
terrestrial environments. I hypothesized that differences in hyobranchial apparatus morphology 
and function result in functional trade-offs in feeding performance. Specifically I predicted that 
semi-aquatic and aquatic salamandrids with hyobranchial morphology suited for aquatic feeding 
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would have lower performance, in terms of tongue-projection distance, velocity, acceleration and 
power, compared to terrestrial salamandrids when feeding in a terrestrial environment. I found 
that semi-aquatic and aquatic newts had lower tongue projection performance when compared to 
the terrestrial salamanders Chioglossa lusitanica and Salamandra salamandra. The fully aquatic 
newt, Paramesotriton labiatus, has a robust, heavily mineralized hyobranchial apparatus and was 
unable to project its tongue during terrestrial feeding, and instead exhibited suction-feeding 
movements better suited for aquatic feeding. Conversely, terrestrial species have gracile, 
cartilaginous hyobranchial apparatus and enlarged tongue pads that coincided with greater 
tongue-projection distance, velocity, acceleration, and power. Chioglossa exhibited extreme 
tongue-projection performance, similar to that seen in elastically projecting plethodontid 
salamanders; muscle-mass-specific power of tongue projection exceeded 2200 W kg-1, more than 
350 times that of the next highest performer, Salamandra, which reached 6.3 W kg-1. These 
findings reveal that two fully terrestrial salamandrids have morphological specializations that 
yield greater tongue-projection performance compared to species that naturally feed in both 
aquatic and terrestrial environments. 
Salamanders of the Salamandridae that feed in both aquatic and terrestrial environments 
employ different behaviors depending on the environment. Using phylogenetic comparative 
methods, I assessed the relationships between feeding morphology, kinematics, and performance, 
and the ecology and feeding behavior of salamandrids. I also examined the co-evolution of 
feeding morphology and performance within Family Salamandridae. Behavior appears to co-
evolve with feeding musculature, velocity of feeding movements, and fluid velocity produced 
during aquatic feeding. Flow velocity produced during aquatic feeding was related to the cross-
sectional area of the rectus cervicis muscles, which rapidly depress the hyobranchial apparatus 
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during suction feeding. Salamandrids with greater cross-sectional area of these depressor 
muscles generate faster flow velocity in aquatic feeding. Conversely, the evolution of 
hyobranchial apparatus morphology is more closely linked to ecology than to behavior. These 
findings indicate that both behavior and ecology are important for understanding the evolution of 
morphology and feeding performance across Family Salamandridae.  
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CHAPTER ONE:  
INTRODUCTION 
 
The ability of an organism to accomplish, or perform, important behaviors is vital to their 
fitness and survival (Wainwright and Reilly, 1994). Form dictates function, but this relationship 
can often constrain performance and influence behavior (Garland and Losos, 1994). Feeding is a 
vital behavior where performance is defined as the capability to capture and transport prey. This 
study assesses the links between feeding morphology and performance across aquatic and 
terrestrial environments in salamanders of the Family Salamandridae. Salamandrids utilize 
different feeding behaviors depending the environment in which they feed, and by studying 
performance through multiple parameters, including flow velocities generated during suction 
feeding and tongue-projection velocity, acceleration, and power during terrestrial feeding, the 
relationship between feeding form and function can be determined. Furthermore, by using a 
comparative approach, changes in performance due to differences in morphology can be 
measured, uncovering any potential functional trade-offs or specializations for feeding in a 
particular environment.  
 
Aquatic Prey Capture 
 In aquatic environments, organisms often rely on suction feeding, jaw prehension, or a 
combination of the two to capture prey. During suction feeding, the oropharyngeal cavity is 
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rapidly expanded, generating negative pressure within and drawing water and prey items in 
through the mouth (Deban and Wake, 2000; Wainwright et al., 2007). The magnitude of pressure 
generated during this expansion increases with greater fluid velocity and faster movements, such 
as jaw opening or hyobranchial depression (Day et al., 2005; Muller et al., 1982; Sanford and 
Wainwright, 2002; Svanbäck et al., 2002). 
Suction feeding is used by all larval and most aquatic adult salamanders (Deban and 
Wake, 2000; O'Reilly et al., 2002). In salamanders, water flow during suction feeding events can 
either be unidirectional, as in larvae and paedomorphic adults, or bidirectional, as in 
metamorphosed adults. Water that has entered the mouth exits posteriorly through the gills slits 
in systems with unidirectional flow, whereas in bidirectional systems, water flow reverses once 
the prey is captured and moves back out of the mouth during prey processing (Lauder and 
Shaffer, 1986; Miller and Larsen, 1989). Both flow systems allow for effective prey capture, 
though morphological specialization, including the presence of labial lobes or a strongly 
mineralized hyobranchial apparatus, help to increase capture success of more elusive prey in 
bidirectional systems (Miller and Larsen, 1989). 
 
Terrestrial Prey Capture 
Terrestrial feeding in vertebrates often occurs via jaw prehension in which prey items are 
grasped by rapid movements of the jaws (Anderson, 1993; Bermejo and Zeigler, 1989; Larsen 
and Guthrie, 1975; Smith et al., 1999). However, a number of taxa have evolved the use of 
specialized tongue prehension during which the distance between an animal and its food item is 
reduced by extension of the tongue. The tongue can be used as a tool to reach distant or hidden 
food items, as seen in xenarthrans, bats, and hummingbirds, or if extended rapidly, can ambush 
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prey via tongue projection (Daniel, 1976; Naples, 1999; Rico-Guevara and Rubega, 2011; 
Winter and von Helversen, 2003). Chameleons, and some species of frogs and salamanders use 
rapid, ballistic tongue projection in which the tongue travels partially under its own momentum 
towards a prey item (Anderson, 1993; de Groot and van Leeuwen, 2004; Deban and Dicke, 2004; 
Larsen and Guthrie, 1975; Wake and Deban, 2000).  
Salamanders most commonly use tongue prehension when feeding on land. In some 
salamanders, such as some salamandrids, ambystomatids, and hynobiids, a lunging motion is 
used during tongue protrusion to help decrease the distance between the salamander and prey 
items, as well as potentially increase strike force (Findeis and Bemis, 1990; Larsen et al., 1996; 
Miller and Larsen, 1990; Reilly and Lauder, 1989). Feeding via tongue prehension can be 
considerably specialized in other salamanders, such as species in family Plethodontidae, where 
ballistic projection of the tongue is used and its velocity, acceleration, and power reach values 
much greater than those of non-ballistic species and can be thermally independent (Anderson et 
al., 2014; Deban et al., 2007; Deban and Richardson, 2011; Deban and Scales, 2016; Scales et 
al., 2017; Scales et al., 2016).  
 
Morphology and Biomechanics of Salamander Prey Capture 
During both suction feeding and tongue prehension the hyobranchial apparatus is used to 
depress the oropharyngeal region and project the tongue, respectively (Deban and Wake, 2000; 
Wake and Deban, 2000). This apparatus, which includes hyoid and branchial arches, lies along 
the floor of the oropharynx. The basibranchial forms the central axis of the hyobranchial 
apparatus, and connects posteriorly to the paired ceratobranchial I and II. The epibranchials 
attach anteriorly to the ceratobranchials. Dorsal to these structures lie the paired, blade-like 
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ceratohyals, which may have ligamentous and musculature attachments to the rest of the 
apparatus (Deban and Wake, 2000).  
 During aquatic feeding, a relatively robust hyobranchial apparatus aids in the rapid 
expansion of the oropharyngeal cavity. This motion is accomplished as the basibranchial is 
pulled ventrocaudally by the rectus cervicis muscles after mouth opening begins. As the 
basibranchial depresses the anterior ceratohyals and posterior epibranchials undergo a 
ventrocaudal rotation, creating structural support for the oropharyngeal walls and further aiding 
in expansion of the oropharyngeal cavity (Deban and Wake, 2000).  
Conversely, tongue projection in salamanders is accomplished through the forward 
movement of the hyobranchial apparatus from the mouth. During tongue projection, the 
subarcualis rectus muscles contract around the posterior-most element of the hyobranchial 
apparatus, either the epibranchials or an extension of the ceratobranchial I, and push the tongue 
skeleton and tongue pad rostrally relative to the blade-like ceratohyals. The sticky tongue pad, 
which is located at the anterior tip of the basibranchial, then adheres to a prey item before 
returning to the mouth during tongue retraction. This retraction is powered by the rectus cervicis 
muscles, which insert onto the anterior tip of the basibranchial. During ballistic tongue projection 
the tongue skeleton may leave the mouth entirely as it travels under its own momentum towards 
a prey item (Deban, 2003; Wake and Deban, 2000).  
 
Specializations for Feeding 
The hyobranchial apparatus of aquatic feeding specialists is relatively more robust, either 
covering a larger area of the oropharynx and having an increased number of branchial arches or 
having greater mineralization and stouter proportions, compared with species that feed on land 
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(Deban and Wake, 2000). By having a greater surface area covered by the hyobranchial 
apparatus, the area expanded during hyobranchial depression can also be greater. This not only 
increases the volume of water that can be ingested, but also increases the potential force 
generated during oropharyngeal expansion. Species that have a more mineralized hyobranchial 
apparatus can also limit flexion within elements, such as the basibranchial, when the rectus 
cervicis muscles contract to depress the apparatus. This decrease in flexion of the element in turn 
results in greater forces being imparted directly onto the apparatus, yielding higher flow velocity 
during suction feeding.  
 Aquatic salamanders also typically have larger labial lobes and more tapered snouts than 
terrestrial salamanders. These morphological specializations occlude the lateral gape and direct 
flow anteriorly into the mouth during suction feeding, and have been linked to increased suction 
production and prey capture success (Deban and Wake, 2000; Elwood and Cundall, 1994; Miller 
and Larsen, 1989; Özeti and Wake, 1969; Van Wassenbergh and Heiss, 2016). Additionally, 
some aquatic salamanders can modulate their feeding behavior depending on prey type; 
Cryptobranchus and Andrias use asymmetrical movements of the hyobranchial apparatus and 
striking to capture evasive prey (Elwood and Cundall, 1994; Heiss et al., 2013b). 
 Conversely, species that have more elaborate tongue projection, such as those in the 
family Plethodontidae, have relatively gracile, cartilaginous hyobranchial apparatus (Lombard 
and Wake, 1977; Wake and Deban, 2000). A more cartilaginous tongue skeleton reduces the 
mass of the tongue as it is projected from the mouth while also increasing flexibility, compared 
with a more mineralized hyobranchial apparatus. Increased flexibility of the tongue skeleton 
allows for greater medial folding and can allow for greater projection distances than structures 
that are more rigid (Wake and Deban, 2000). 
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 Specializations for tongue projection are also seen in the musculature and tongue pad 
morphology. The tongue pads of terrestrial salamandrids, ambystomatids, and plethodontids are 
distinct from the surrounding buccal mucosa, having limited attachments to the oropharyngeal 
cavity and allowing for the tongue to fully leave the mouth during projection (Lombard and 
Wake, 1977; Özeti and Wake, 1969; Regal, 1966; Wake and Deban, 2000). Some plethodontid 
salamanders have additionally either lost the genioglossus muscle, which attaches the tongue pad 
to the anterior portion of the mandible, or have a muscle with a more posterior origin on the 
mandible, again allowing for greater tongue extension lengths (Lombard and Wake, 1977). Many 
of the species with greater tongue-projection performance also have tongue retractor muscles that 
originate on the pelvis and remain distinct from the abdominal muscles along their entire length, 
permitting increased tongue-projection distance (Lombard and Wake, 1977; Özeti and Wake, 
1969).    
 
Salamandrid Salamanders 
 Salamanders in the family Salamandridae are ecologically diverse with species being 
either aquatic, semi-aquatic, or terrestrial adults and they employ a range of feeding behaviors 
depending on the environment in which they are found. Aquatic salamandrids primarily rely on 
suction feeding in water, while terrestrial salamandrids use tongue projection to feed on land 
(Deban and Wake, 2000; Wake and Deban, 2000). Semi-aquatic species transition between 
environments during the breeding seasons and can use both feeding behaviors (Deban and Wake, 
2000; Heiss et al., 2013a, 2015; Wake and Deban, 2000).  
Not only do feeding behaviors vary in these salamanders, but morphology is also diverse. 
The relative size and shape of the hyobranchial apparatus varies across species, as does external 
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morphology (e.g., the presence or absence of labial lobes), tongue pad morphology, and relevant 
feeding musculature (Heiss et al., 2013a, 2015; Heiss et al., 2017; Miller and Larsen, 1989, 1990; 
Özeti and Wake, 1969). Because salamandrids are ecologically, morphologically, and 
behaviorally diverse they make an ideal study group for examining the potential trade-offs in 
feeding performance across environments.  
 
Goals and Hypotheses 
 This work will assess the morphology and feeding performance of salamandrids to 
determine functional limitations of feeding due to the morphology, ecology, and phylogeny. I 
hypothesize that the hyobranchial apparatus morphology will dictate feeding performance across 
environments and that functional trade-offs in feeding performance will occur in species that are 
obligated to feed across environments. Specifically, I hypothesize that salamanders with a more 
robust hyobranchial apparatus will have greater suction feeding performance (i.e., flow velocity 
generated), than terrestrial specialists. Conversely, salamandrids with a flexible, cartilaginous 
tongue skeleton will have increased terrestrial feeding performance, measured as tongue-
projection distance, duration, velocity, acceleration, and power, when compared with semi-
aquatic and aquatic newts.  
To test these hypotheses I will investigative performance trade-offs in aquatic versus 
terrestrial feeding of salamanders in family Salamandridae. This will be accomplished by 
examining seven species with a diverse ecology and feeding morphology: Chioglossa lusitanica, 
Salamandra salamandra, Pleurodeles waltl, Notophthalmus viridescens, Triturus dobrogicus, 
Cynops cyanurus, and Paramesotriton labiatus. In Chapters 2 and 3 I will test how differences in 
hyobranchial apparatus morphology, both in structure and composition, as well as difference in 
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the feeding musculature, affect feeding performance of salamandrids in aquatic and terrestrial 
environments, respectively. In Chapter 4, I will use data from the previous chapters, as well as 
from the literature, to investigate the evolutionary relationships among behavior and ecology, 
and the feeding morphology, kinematics, and performance of salamandrids. I will also assess the 
correlated evolution of feeding morphology and performance of salamanders in the Family 
Salamandridae. 
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CHAPTER TWO:  
FUNCTIONAL TRADE-OFFS IN THE AQUATIC FEEDING PERFORMANCE OF 
SALAMANDERS 
 
Abstract 
During aquatic feeding salamanders use the hyobranchial apparatus to capture prey. The 
hyobranchial apparatus depresses the floor of the mouth, effectively expanding the 
oropharyngeal cavity and generating suction. Within Family Salamandridae, there is a wide 
range of ecological diversity, with salamanders being terrestrial, semi-aquatic, or aquatic as 
adults. The purpose of this research was to quantify the diverse morphology and suction feeding 
performance of aquatically feeding salamandrids. I hypothesized that a more robust hyobranchial 
apparatus morphology would yield increased aquatic feeding performance. When compared to 
semi-aquatic newts, the fully aquatic species, Paramesotriton labiatus, had greater 
mineralization of the hyobranchial apparatus, as well as relatively more narrow basibranchial and 
wider ceratobranchial I + II complexes. These morphological differences coincide with greater 
aquatic feeding performance. Kinematics from high-speed videography revealed that maximum 
mouth opening velocities and accelerations were approximately two and five times greater, 
respectively, in Paramesotriton, and hyobranchial depression acceleration was found to be 
approximately three times greater than in the semi-aquatic species Pleurodeles, Notophthalmus, 
Triturus, and Cynops. Using digital particle image velocimetry, peak and average fluid velocities 
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generated in Paramesotriton during suction feeding events were found to be 0.5 m s-1 and 0.2 m 
s-1, respectively, doubling that of all semi-aquatic species. These findings reveal that specialized 
morphology increases aquatic feeding performance in a fully aquatic newt.  
 
Introduction 
Aquatic and semi-aquatic salamanders capture aquatic prey using suction feeding, in 
which rapid mouth opening and depression of the hyobranchial apparatus expand the 
oropharyngeal cavity (Deban and Wake, 2000). Morphological differences in the feeding 
musculature and hyobranchial apparatus of salamanders have been described, and the effects of 
seasonality on feeding kinematics have been explored in salamanders. However, there is still 
much to learn regarding quantitative differences in the feeding morphology and performance of 
these animals (Heiss et al., 2013a, 2015; Özeti and Wake, 1969). Studies using computational 
fluid dynamics have identified the importance of oral structures such as labial lobes in 
aquatically feeding salamanders, but these models have not yet been validated outside of 
simulations (Van Wassenbergh and Heiss, 2016). In this study we compare the morphology, 
kinematics, and performance across a range of semi-aquatic and aquatic salamandrids during 
aquatic feeding to better understand how anatomical features influence organismal performance.  
The hyobranchial apparatus is critical in suction feeding. In most larval salamanders the 
hyobranchial elements are cartilaginous, but can become mineralized in older larvae or after 
metamorphosis (Deban and Marks, 2002). The elements of the hyobranchial apparatus, which 
include the hyoid and branchial arches, extend along the oropharynx (Deban and Wake, 2000; 
Elwood and Cundall, 1994; Özeti and Wake, 1969). The basibranchial (BB) forms the main axis 
of the apparatus and connects posteriorly to ceratobranchial I (CB I) and ceratobranchial II (CB 
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II). The epibranchials (EB), when present, are attached posteriorly to CB I and CB II. Blade-like 
ceratohyals (CH) connect anteriorly to the BB (Elwood and Cundall, 1994; Özeti and Wake, 
1969). In suction feeding, the hyobranchial apparatus expands the oropharyngeal cavity as the 
parallel-fibered rectus cervicis (RC) muscles, which are anterior continuations of the rectus 
abdominis musculature and insert at the anterior tip of the BB and tongue pad, contract and 
rapidly depress the BB after the start of mouth opening (Özeti and Wake, 1969). Not only does 
this depression of the hyobranchial apparatus generate fluid flow into the mouth, but the anterior 
CH and posterior EB undergo ventrocaudal rotation creating structural support for the 
oropharyngeal walls and aiding in the expansion of the oropharyngeal cavity (Deban and Wake, 
2000). 
Digital particle image velocimetry (DPIV) has been used to analyze the flow of water 
during aquatic feeding in fishes (Day et al., 2005; Ferry-Graham and Lauder, 2001; Ferry-
Graham et al., 2003; Gemmell et al., 2014; Higham et al., 2005, 2006). The suction feeding 
performance of salamanders, and the flow patterns generated, have not yet been quantified in this 
way. Computational modeling and fluid dynamic simulations have been used to quantify flow 
patterns and feeding mechanics during aquatic salamander feeding (Fortuny et al., 2015; Heiss et 
al., 2013b; Van Wassenbergh and Heiss, 2016). These models reveal the importance of the 
presence or absence of structures such as labial lobes, aiding to increase flow velocities 
generated during suction feeding events in the semi-aquatic newt, Lissotriton vulgaris (Van 
Wassenbergh and Heiss, 2016). In vivo methods such as DPIV allow performance to be 
measured directly in salamanders and these in silico models to be validated. 
Morphological and kinematic differences occur within semi-aquatic species, such as L. 
vulgaris, Tylototriton verrucosus, and Ichthyosaura alpestris, because these species transition in 
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and out of aquatic environments to breed (Heiss et al., 2013a, 2015; Heiss and De Vylder, 2016; 
Heiss et al., 2016). Multi-species comparisons, however, have largely been left to qualitative 
observations and the quantification of basic kinematics (Miller and Larsen, 1989, 1990; Özeti 
and Wake, 1969). Morphological descriptions have led to hypotheses that feeding performance 
may differ across species because of the aforementioned morphological differences (Özeti and 
Wake, 1969). Differences in feeding performance (e.g. fluid velocity generated during feeding) 
have also been suggested due to capture efficiency rates across aquatically feeding salamandrids; 
all salamanders tested could effectively feed in water, but some species were better able to 
capture elusive prey than others (Miller and Larsen, 1989).  
In the present study I examined the feeding morphology and suction feeding events of 
one aquatic (Paramesotriton labiatus) and four semi-aquatic (Pleurodeles waltl, Notophthalmus 
viridescens, Triturus dobrogicus, and Cynops cyanurus) newts in the Family Salamandridae. The 
purpose of this research was to examine the interplay of morphology and performance to better 
understand aquatic feeding in salamanders. Salamandrids are an optimal study group because 
they not only inhabit diverse environments, but also possess a variety of hyobranchial apparatus 
morphologies, allowing us to quantitatively compare morphology, kinematics, and performance 
across species. I hypothesize that feeding performance will be correlated with morphological and 
ecological differences. I predict that morphological and functional compromises in the 
hyobranchial apparatus will be linked with lower prey capture performance for semi-aquatic 
species that feed in both air and water when compared to the fully aquatic species.  
 
 
 
16 
 
Materials and Methods 
Specimens  
Five species of salamandrid salamanders that readily fed in water were used in this study: 
Pleurodeles waltl, Notophthalmus viridescens, Triturus dobrogicus, Cynops cyanurus, and 
Paramesotriton labiatus. Salamanders were obtained from commercial suppliers and housed 
individually in 33.0 x 18.5 x 11.5 cm plastic containers on a slight incline, filled partially with 
water to provide access to both water and land. Salamanders were kept between 16-21°C and 
maintained on a diet of crickets, fruit flies, earthworms, and blood worms. All procedures in this 
study were approved by the Institutional Animal Care and Use Committee of the University of 
South Florida. 
 
Morphology 
Three individuals from each of the five species were euthanized by immersion in a 3 g L-1 
buffered aqueous solution of MS-222 (tricaine methanesulfonate), followed by exsanguination. 
Prior to exsanguination, individuals were weighed using a balance (Virtual Measurements and 
Control model VB-302A, USA; ±0.001 g accuracy), and the snout-vent length (SVL), length 
from the rostral tip to the posterior edge of the vent, as well as total length (TL), length from the 
rostral tip to the distal tip of the tail, were measured using digital calipers (Neiko Tools model 
01408A, China; ±0.02 mm accuracy). Head width was measured as the skull width at the eyes 
and head length was measured from the rostral tip of the snout to the posterior end of the skull. 
Buccal length, buccal width at the level of the jaw joint, and gape distance were also measured. 
Buccal length was measured from the anterior oral cavity, just inside the mandible, to the level of 
the jaw joint, while gape distance was measured during simulated maximum mouth opening, 
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where the mouth was opened until resistance was met. The dorsal and ventral sides of the 
salamanders were photographed using a Canon PowerShot S70 digital camera that was attached 
to a dissecting microscope (Leica MZ6, USA) prior to dissection. These images were analyzed in 
ImageJ software to obtain the measurements to calculate the curvature of the head of each 
animal. Mandible curvature was calculated as the ratio of the arc length to the chord length of the 
lower jaw. The arc length of the lower jaw was measured as the distance along the curve of the 
mandibles from the posterior end of one mandible to the posterior end of the contralateral 
mandible. The chord length was measured as the distance across the gular region at the level of 
the jaw joint.  
During dissection, hyobranchial depression was simulated and then maximum 
oropharyngeal volume was measured. To simulate hyobranchial depression, the skin covering 
the gular region was dissected back to expose the underlying musculature and hyobranchial 
apparatus. A thread was affixed around the base of the BB. Resting oropharyngeal volume was 
measured by filling the oropharynx with Ringer’s solution until a meniscus formed at the anterior 
edge of the mouth. The hyobranchial apparatus was pulled caudally and ventrally using the 
thread until resistance was met. This motion expanded the oropharyngeal region, simulating 
maximum hyobranchial depression. Additional Ringer’s solution was added until the meniscus 
reformed. Each simulated hyobranchial depression was repeated three times and the average 
difference in volume resulting from hyobranchial depression was recorded. 
After all external morphological measurements were recorded, the subarcualis rectus 
(SAR) muscles were removed from the hyobranchial apparatus and weighed. The RC muscles 
were exposed and the length from the anterior insertion near the tongue pad to the posterior tips 
of the EB was measured. The hyobranchial apparatus was then excised by cutting the RC 
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muscles at the tips of the EB and freeing the tongue pad from the buccal mucosa and anterior 
region of the mouth by severing the genioglossus muscle. The excised tongue, including the 
tongue pad, hyobranchial apparatus, and anterior RC musculature, were weighed. The RC and 
tongue pad were further dissected from the tongue skeleton and weighed separately. Cross-
sectional area (CSA) of the RC muscles was determined using the previously measured masses 
and lengths of the muscle. Specifically, the CSA of the RC muscles was calculated as the mass 
of the RC divided by the product of the density of muscle and the length of the RC muscles. The 
central elements of the hyobranchial apparatus and the CH were also weighed. 
To determine structural composition, the hyobranchial apparatus of three individuals of 
each species were cleared and doubly stained (Hanken and Wassersug, 1981). Areas of 
mineralization appeared red, while cartilage appeared blue after staining. The stained 
hyobranchial apparatus were photographed using a digital camera attached to a dissecting 
microscope. To estimate robustness of the hyobranchial apparatus, the percent area in ventral 
view of mineralization, as well as the aspect ratio, were determined for the total apparatus and 
each of the following elements in ImageJ: BB, CB I, CB II, ceratobranchial I + ceratobranchial II 
complex (CB I + CB II), EB, and CH. Percent mineralization was measured as the area of the 
mineralized regions divided by the total area of the element. Aspect ratio was taken as the length 
divided by the width. A robustness index (RI) was also calculated for each specimen by dividing 
the total area of the hyobranchial apparatus by the previously calculated buccal area. 
 
Videography and Kinematic Analyses 
Salamanders were imaged in lateral view at 3 kHz while feeding on 0.5 cm pieces of 
earthworm or blood worms at varying distances with a Photron Fastcam high-speed camera 
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(1024 PCI, USA) under white LED illumination. Imaging trials occurred in a 20.0 x 4.0 x 5.5 cm 
acrylic tank filled with water at 17-21°C against a 0.5 x 0.5 cm grid for scale. Five feeding 
sequences from each of five individuals per species were obtained for kinematic analyses from 
Pleurodeles, Notophthalmus, Triturus, Cynops, and Paramesotriton. 
Feeding sequences were digitized using ImageJ software. The x,y coordinates of the tips 
of the upper and lower jaws, the nape (i.e. the external point of rotation for the head), and the 
hyobranchial apparatus (i.e. the ventral most point of the gular region) were recorded for each 
frame of the feeding event, beginning  approximately 15 frames prior to mouth opening and 
ending when the hyobranchial apparatus began to elevate after mouth closing. The x,y 
coordinates were analyzed using a custom R script (R statistical software, www.r-project.org) to 
calculate gape distance, distance between the upper and lower jaw tips, and hyobranchial 
depression, distance of oropharyngeal expansion subtracted from the starting distance between 
the nape and hyobranchial apparatus at the start of the feeding sequence. The duration of mouth 
opening and closing, total gape cycle, and time to maximum hyobranchial depression were also 
calculated. Maximum velocities and accelerations of mouth opening and hyobranchial 
depression were calculated by taking the first and second derivatives, respectively, of the 
relevant position and timing data and fitting a quintic spline in R using the pspline package. 
Smoothing parameters of the quintic spline were adjusted to remove erroneous secondary 
oscillations from the acceleration data for each species.   
 
Digital Particle Image Velocimetry Videography and Analyses 
Digital particle image velocimetry was utilized to visual the flow field created and 
measure feeding performance (i.e. fluid velocities) during suction feeding events in five trials of 
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three individuals from each of Pleurodeles, Notophthalmus, Triturus, Cynops, and 
Paramesotriton. Salamanders were placed in an 18.9 L glass recording chamber filled two-thirds 
with water at 17-21°C. Animals were introduced to the chamber upon a platform and allowed to 
acclimate for 15 minutes prior to experimental trials. The recording chamber was seeded with 
neutrally buoyant, 10 micron hollow glass spheres. A 500 mW green (532 nm) laser source (GX 
model) with an attached laser line module colophony lens focused into a 3 mm thick sheet was 
used to illuminate the seeding particles. The laser source was positioned above the recording 
chamber, centered in the tank, while a mirror was placed at a 20° angle to the laser along the 
bottom of the chamber to aid in eliminating shadows cast by the animal during feeding events. 
An Edgertronic SC1 high speed camera was aligned so that the laser sheet was parallel to and 
within the focal plane of the camera. Salamanders were imaged in lateral view at 1 kHz and a 
shutter speed of 1/1000 s. 
The salamander was lured to the edge of a feeding platform to minimize any disturbance 
in the flow field by the expanded hyobranchial region during suction feeding events, as the 
expanded region often causes the animals to bounce off of the substrate during typical aquatic 
feeding bouts. A blood worm was suspended by a thin wire at varying distances to elicit feeding 
responses, and the salamanders were allowed to approach the prey at will. Prey was always 
positioned in line with the laser sheet for recorded feedings.  
Suction feeding events were analyzed using the PIVLab module in MATLAB (Thielicke 
and Stamhuis, 2014). Only image sequences where the salamander remained in lateral view and 
bisected by the laser sheet at the dorsal midline during the entire feeding event were used for 
analyses. Sequences were loaded into the analysis software as image pairs and processed using 
contrast-limited adaptive histogram equalization (CLAHE) and high-pass filters to enhance 
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contrast, sharpen, and remove background signals prior to running the analyses. The flow field 
was quantified by running three sequence passes of 64 x 64, 32 x 32, and 16 x 16 pixel tiles in a 
cross-correlated matrix. Feeding events were calibrated for distance with an image taken directly 
after the feeding events. The flow field was then visualized as a plane of velocity vectors 
throughout the feeding event. Vectors were visually validated by examining each image of the 
feeding sequence and removing individual vectors that obviously deviated from the surrounding 
vectors in amplitude or orientation.  
To characterize the flow generated during feeding events, vectors spanning the gape were 
further analyzed to determine maximum generated flow velocities. Feeding events were analyzed 
from approximately 15 frames prior to the start of mouth opening until the flow reversed 
direction after peak hyobranchial depression. Absolute peak fluid velocity, as well as the average 
peak fluid velocity, generated during suction feeding were determined for each species.  The 
time to maximum fluid velocity generated by the animal during suction feeding was also noted. 
Additionally, vectors spanning a distance equivalent to that of the gape during maximum flow 
production were measured at a rostral distance from the gape of one-half the gape at maximum 
flow and one gape distance at maximum flow. The average decline in velocity was calculated as 
the difference between maximum velocity at the gape and at one gape distance away. The 
average fluid velocity was calculated for each feeding, during the frame of maximum velocity, 
within a gape by gape area. This area was determined by using the distance between the upper 
and lower jaws at the point of maximum fluid velocity for each trial.  
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Statistical Analysis 
Customized R scripts were used for statistical analyses of all morphological, kinematic, 
and DPIV data. Differences in size was accounted for by including SVL in the statistical model 
for each measured parameter. The data set was also tested for phylogenetic signal with the 
Phytools package in R, using the two most current phylogenies for the family Salamandridae 
(Pyron and Weins, 2011; Zhang et al., 2008). No significant phylogenetic signal was found, 
therefore, standard statistical tests were conducted. For all measured variables a nested two-way 
ANOVA accounting for SVL and individual nested within species was conducted. Variables 
were log transformed as necessary to correct violations of test assumptions. Tukey’s post hoc 
analyses were used to determine statistical differences between species across all variables. 
Statistical tests were corrected for multiple comparisons to correct for the false discovery rate 
(Benjamini and Hochberg, 1995). Species averages and standard error of the mean (SEM) were 
calculated for all morphological, kinematic, and performance variables.  
 
Results 
Morphology 
Morphological differences relating to specializations for aquatic feeding were observed in 
Paramesotriton when compared to other newts (Table 2.1, Figure 2.1). The morphological 
differences include the presence of enlarged labial lobes and more massive feeding musculature. 
Paramesotriton had more massive RC muscles at 0.044 ± 0.004 g, acting to depress the 
hyobranchial apparatus during suction feeding. The RC muscles also had a greater cross-
sectional area when compared to semi-aquatic newts (Tables 2.1 and 2.2). 
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Triturus had the lightest hyobranchial apparatus when compared to Paramesotriton, 
Cynops, and Pleurodeles. The BB, CB II, the ceratobranchial as a functional complex, and EB 
were more mineralized in Paramesotriton and Cynops when compared to Pleurodeles. The BB 
was also more mineralized in Notophthalmus and Triturus than in Pleurodeles. Mineralization of 
the CH was greater in Paramesotriton when compared to Cynops and Pleurodeles. The tongue 
skeleton as a whole was more mineralized in Paramesotriton at 69 ± 1% when compared to 
semi-aquatic newts except Cynops. Mineralization of the CH and tongue skeleton were lowest in 
Pleurodeles, with the CH being 28 ± 3% mineralized and the total tongue skeleton only being 41 
± 3% mineralized (Tables 2.1 and 2.2). Paramesotriton was further found to have a relatively 
thinner (higher aspect ratio) BB than Pleurodeles. Paramesotriton, a fully aquatic newt, 
exhibited relatively wider (lower aspect ratio) CB I + CB II complex and EB than Pleurodeles. 
The CH in Paramesotriton were also relatively wider than those in Triturus (Tables 2.1 and 2.3). 
 
Aquatic Feeding  
All individuals of the five species successfully captured prey by suction feeding. Feeding 
events typically consisted of the salamander orienting towards the prey, followed by a slow 
approach until the salamander’s snout nearly contacted the prey. The mouth opened rapidly, 
followed by depression of the hyobranchial apparatus and expansion of the hyoid region as prey 
and water were drawn into the oropharyngeal cavity (Figure 2.2). In all feeding events maximum 
hyobranchial depression occurs after maximum gape and the hyobranchial apparatus remains 
depressed after the gape cycle concludes. As the hyobranchial apparatus resets to the resting 
position, the mouth opened slightly to allow water flow out. 
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Prey Capture Kinematics 
A total of 125 image sequences from 25 individuals were captured in Pleurodeles waltl, 
Notophthalmus viridescens, Triturus dobrogicus, Cynops cyanurus and Paramesotriton labiatus. 
A relatively lower maximum gape and higher maximum hyobranchial depression was found in 
Triturus when compared to other newts (Tables 2.3 and 2.4, Figures 2.1 and 2.2). However, 
while relative distances may suggest feeding performance could be greater in this species, the 
time to maximum gape and maximum hyobranchial depression were not significantly different 
between Triturus and the other species tested (Tables 2.3 and 2.4, Figure 2.2). 
Mouth opening in Paramesotriton was faster overall, with greater velocities and 
accelerations compared to other species. Gape cycle was shorter in Paramesotriton at 0.084 ± 
0.004 s when compared to the other species tested, except Cynops. In Cynops the gape cycle was 
only significantly shorter than Pleurodeles at 0.117 ± 0.005 s. Both maximum mouth opening 
velocity and acceleration were greater in Paramesotriton when compared to other species. 
Average maximum mouth opening velocity in this fully aquatic species was 0.435 ± 0.024 m s-1 
and average maximum mouth opening acceleration was 120.31 ± 19.07 m s-2 (Table 2.3, Figures 
2.3A and B). While mouth opening velocity was lower in both Cynops at 0.255 ± 0.024 m s-1 and 
Notophthalmus at 0.202 ± 0.016 m s-1, when compared to Paramesotriton, these values were 
greater than those of Triturus and Pleurodeles (Tables 2.3 and 2.4, Figure 2.3A). Similarly, 
Cynops and Notophthalmus showed greater average maximum mouth opening acceleration at 
27.24 ± 4.42 m s-2 and 28.70 ± 4.06 m s-2, respectively, when compared to Pleurodeles (Tables 
2.3 and 2.4, Figure 2.3B). 
Results of the kinematic study show higher velocity and acceleration of hyobranchial 
depression in Paramesotriton when compared to other newts. Maximum hyobranchial 
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depression was reached in an average of 0.054 ± 0.003 s in Paramesotriton versus 0.086 ± 0.015 
s in Notophthalmus and 0.074 ± 0.003 s in Triturus. Furthermore, Paramesotriton had a greater 
average maximum hyobranchial depression velocity than Pleurodeles at 0.224 ± 0.016 m s-1 and 
an average maximum hyobranchial depression acceleration of 49.39 ± 13.74 m s-2, more than 
doubling the acceleration of all other newts (Tables 2.3 and 2.4, Figures 2.3C and D). 
 
Aquatic Feeding Performance 
Three individuals from Pleurodeles, Notophthalmus, Triturus, Cynops, and 
Paramesotriton were successfully imaged while feeding during DPIV trials (Figure 2.4). A total 
of 15 image sequences were obtained for each species, except Notophthalmus in which only 11 
image sequences were recorded. During all feeding trials, flow velocity decreased with 
increasing distance from the gape (Figure 2.4A).  
Paramesotriton produced the highest absolute maximum flow velocity, over twice that of 
all other species, at 0.515 ± 0.012 m s-1 (Tables 2.5 and 2.6, Figure 2.5A). Average maximum 
flow velocity and average velocity over a gape by gape area were also significantly higher in 
Paramesotriton when compared to Pleurodeles, Notophthalmus, Triturus, and Cynops. In 
Paramesotriton the average maximum flow velocity generated during feeding was 0.371 ± 0.027 
m s-1 and the average velocity generated was 0.175 ± 0.013 m s-1 (Tables 2.5 and 2.6, Figure 
2.5B). Higher velocities were seen at the gape in Paramesotriton when compared to Pleurodeles, 
Notophthalmus, Triturus, and Cynops. Additionally, higher velocities were seen in 
Paramesotriton at one-half gape distance from the opened mouth than those of Pleurodeles, 
Notophthalmus, and Triturus, and greater than those of Pleurodeles and Triturus at one gape 
distance away from the mouth (Tables 2.5 and 2.6). 
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Discussion 
Morphology 
Paramesotriton exhibits morphological specializations for aquatic feeding when 
compared to Pleurodeles, Notophthalmus, Triturus, and Cynops. Morphological modifications 
that enhance suction feeding in fishes are also prevalent in Paramesotriton, including an 
occluded lateral gape (Deban and Wake, 2000; Elwood and Cundall, 1994; Motta et al., 2002; 
Van Wassenbergh and Heiss, 2016; Wilga and Motta, 1998). Labial lobes work to occlude the 
gape laterally when opened, creating a more circular mouth opening. This shape also helps to 
direct fluid flow anteriorly through the mouth (Motta et al., 2002).  As suction feeding occurs, 
water is drawn into the mouth; however, because of the lack of gill slits, water is expelled back 
out the mouth after prey is captured, thus water flow is bidirectional (Lauder and Reilly, 1988; 
Reilly and Lauder, 1988). Since most metamorphosed salamanders must utilize a bidirectional 
flow system when feeding aquatically, occluding the lateral gape can be beneficial, aiding in 
more efficient prey capture as water entering the mouth is more directly focused.  
The musculature of Paramesotriton was also specialized for aquatic feeding. The RC was 
both more massive and had a larger CSA when compared to other species (Table 2.1). This 
enlarged muscle acts to depress the BB and expand the hyobranchial region during feeding 
events with greater force (Herrel et al., 2005; Powell et al., 1984). Depressing the hyobranchial 
apparatus more forcefully increases the potential amount for negative pressure production, and 
would yield faster suction velocity.  
While the hyobranchial apparatus of Pleurodeles, Notophthalmus, Triturus, Cynops, and 
Paramesotriton all contain the same structures (Özeti and Wake, 1969), morphological 
specializations occur in the relative size and composition of each element in Paramesotriton and 
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Cynops (Figure 2.1). Both of these species had greater mineralization in BB, CB II, and CB I + 
CB II (Table 2.1). These elements are depressed during suction feeding to expand the 
oropharyngeal cavity (Deban and Wake, 2000; Özeti and Wake, 1969). A more rigid element 
provides more structural support along the base of the depressed hyobranchial apparatus. A more 
mineralized BB also means there is less flexion in the element when the RC contracts, 
transferring force more directly to the hyobranchial apparatus. Additionally, Paramesotriton 
have more mineralized CH, which rotate and line the anterior region of the depressed 
hyobranchial apparatus (Deban and Wake, 2000). The CB I+ CB II and EB are also relatively 
wider in Paramesotriton, matching that of the previously described morphology (Özeti and 
Wake, 1969). Stouter posterior hyobranchial elements, as is seen with the EB, provide further 
structural support of the oropharyngeal cavity during suction feeding. Conversely, Pleurodeles, a 
semi-aquatic newt, has the lowest mineralization in the hyobranchial apparatus (Table 2.1), and 
is known to not only suction feed when in water, but similar to other semi-aquatic newts, also 
protrudes its tongue when feeding on land (Miller and Larsen, 1990). This suggests that while 
semi-aquatic species can suction feed, functional trade-offs may exist due to the demands of 
feeding in different physical environments. 
 
Prey Capture Kinematics 
Gape cycle was shortest, as well as both maximum mouth opening velocity and 
acceleration were greatest, in Paramesotriton (Table 2.3, Figure 2.3). Mouth opening velocity, 
along with the shape, size, and expansion velocity of the oropharynx, create a pressure drop in 
the oropharyngeal cavity during suction feeding, influencing the flow velocity (Day et al., 2005; 
Svanbäck et al., 2002; Wainwright et al., 2007). Additionally, a short gape cycle paired with 
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quick flow generation increases the likelihood of prey capture (Miller and Larsen, 1989; 
Svanbäck et al., 2002). The combination of these two events allows for water to flow into the 
mouth quickly, capturing prey items, especially elusive prey, more effectively. The rapid 
opening and closing of the mouth reduce the opportunity for prey escaping the jaws of the 
salamander during feeding (Miller and Larsen, 1989).  
Maximum hyobranchial depression occurred earlier during feeding events in 
Paramesotriton than in the semi-aquatic newts. This decrease in timing corresponded with 
greater velocities and accelerations of hyobranchial depression (Table 2.3, Figure 2.3). 
Hyobranchial depression velocity in Paramesotriton was higher than that of Pleurodeles and 
acceleration was highest when compared to all other newts. Greater velocities and accelerations 
of hyobranchial movement further aids in the potential for greater flow velocity production 
during suction feeding (Svanbäck et al., 2002). Fast mouth opening and hyobranchial depression 
produce a drop in oropharyngeal pressure, drawing prey and water into the mouth (Deban and 
Wake, 2000). The speed of these motions increases the likelihood of greater performance and 
prey capture success, especially when considering elusive prey (Miller and Larsen, 1989; 
Sanford and Wainwright, 2002). 
Paramesotriton exhibited the highest velocities and accelerations of mouth opening and 
hyobranchial depression, but Cynops also showed high velocities and acceleration for these 
movements during suction feeding, especially when compared to Pleurodeles (Table 2.3, Figure 
2.3). These differences in the kinematics of feeding are similar to those seen in studies on the 
seasonality of newts. Both Ichthyosaura alpestris and Lissotriton vulgaris are semi-aquatic newts 
that feed in water and on land, however, during their more aquatic stage, the duration of gape and 
hyobranchial movements are slightly slower than in the terrestrial stage. While the timing of 
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these events differ, both of these semi-aquatic newts were still able to suction feed, regardless of 
their seasonal stage (Heiss et al., 2013a, 2015). Furthermore, kinematics between terrestrial and 
aquatic feeding were analyzed in Tylototriton verrucosus, a semi-aquatic newt, with the relative 
timing and velocities of mouth opening and hyobranchial depression differing across habitats 
(Heiss and De Vylder, 2016). In a multispecies comparison, Paramesotriton was found to have 
limited protrusion of their tongues when feeding terrestrially, suggesting that there are clear 
anatomical and functional trade-offs between suction feeding and lingual prehension (Miller and 
Larsen, 1990). 
 
Aquatic Feeding Performance 
When measured directly in Pleurodeles, Notophthalmus, Triturus, Cynops, and 
Paramesotriton, flows produced during suction feeding were found to follow the morphological 
and kinematic trends, and were fastest in Paramesotriton (Table 2.5, Figure 2.4). This high 
aquatic feeding performance of Paramesotriton suggests that the morphological specializations 
for suction feeding, in concert with specialized movement patterns, result in faster flow rates. 
Not only was the average fluid velocity produced higher in Paramesotriton than all semi-aquatic 
newts, but both the absolute and average peak velocities produced were also higher in this 
species. Flow velocities at one-half and one gape distance from the mouth were also higher in 
Paramesotriton.  
Experiments in larval ambystomatids where the gills slits were sutured shut found that 
artificially bidirectional systems, in which water enters and exits the mouth during suction 
feeding, were less effective than the intact, unidirectional system, in which water enters the 
mouth and exits through the posterior gill slits (Lauder and Shaffer, 1986). Performance 
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measures through DPIV show that bidirectional flow systems are in fact not ineffective. Previous 
research studying capture success rates, in addition to the current study, show that bidirectional 
systems in salamandrids are fully capable of capturing evasive prey with ample suction flow. 
While aquatic species had both higher prey capture rates and faster flow production, semi-
aquatic species were effective at feeding (Miller and Larsen, 1989). 
Not only does the current research show that bidirectional systems can be effective, the 
performance measured in Paramesotriton is comparable to those measured previously in fishes. 
Paramesotriton generated maximum flow velocities of 0.515 ± 0.012 m s-1 (Table 2.5). Bluegill 
sunfish have been recorded as producing flow velocities from 0.500 to 0.710 m s-1, and 
largemouth bass have been recorded creating velocities of 0.460 m s-1 (Day et al., 2005; Ferry-
Graham et al., 2003; Higham et al., 2006). Additionally, salamandrids produced greater flow 
velocities than those reported previously in zebrafish with flow velocities of 0.075 m s-1 
(Gemmell et al., 2014). Flow velocities were also much greater in Paramesotriton when 
compared to estimates measured using computational fluid dynamics and modelling in the semi-
aquatic newt Lissotriton vulgaris, which were maximized at approximately 0.08 m s-1 (Van 
Wassenbergh and Heiss, 2016). An increase in flow velocity during suction feeding has also 
been reported in the specialized aquatic salamander, Andrias davidianus, which was calculated to 
produce suction velocities upwards of 1.3 m s-1 (Heiss et al., 2013b). 
 
Functional Trade-offs in Feeding Performance 
The feeding morphology and kinematics of semi-aquatic salamandrids, Pleurodeles, 
Notophthalmus, Triturus, and Cynops, yield lower aquatic feeding performance (Tables 2.1, 2.3, 
and 2.5). Morphological features of semi-aquatic species include the lack labial lobes and a less 
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ossified hyobranchial apparatus. Aquatic feeding in these species is characterized by slower 
velocities and accelerations of mouth opening and hyobranchial depression, and lower flow 
velocities. Semi-aquatic species are required to feed in both aquatic and terrestrial environments 
and are not able to perform at the level of the specialized aquatic feeder, Paramesotriton. These 
reported differences confirm that some trade-offs may be occurring in semi-aquatic species, 
particularly in the use of the hyobranchial apparatus during feeding. As previously described, the 
hyobranchial apparatus is depressed and expands the oropharynx during suction feeding (Deban 
and Wake, 2000; Lauder and Shaffer, 1985; Miller and Larsen, 1989; Özeti and Wake, 1969). In 
terrestrial feeding, however, the tongue is usually protruded from the mouth, with the 
hyobranchial apparatus acting to extend the tongue pad anteriorly out of the mouth (Lombard 
and Wake, 1977; Özeti and Wake, 1969; Wake and Deban, 2000). Because these two actions use 
the same morphological structures, in competing and disparate motions, generalizations in 
overall functionality may arise. If functional trade-offs occur, Paramesotriton would be 
predicted to have hindered performance in a terrestrial environment as it appears to be an aquatic 
specialist.  
 
Conclusions 
Differences in morphology correspond with differences in both kinematics and 
hydrodynamics in aquatically feeding salamandrids. Specifically, morphological specialization in 
Paramesotriton is correlated with faster flow production. These specializations are present in the 
form of external anatomy, musculature, and in the structure and composition of the hyobranchial 
apparatus. Furthermore, semi-aquatic species were found to have more generalized 
morphological and kinematic characteristics, resulting in lower aquatic feeding performance. 
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These findings suggest that though suction feeding is an effective feeding mechanism for these 
newts, functional trade-offs may occur so that species that must feed in water and on land exhibit 
morphological differences that result in decreased gape and hyobranchial apparatus depression 
capabilities, and overall suction feeding performance. To further investigate the hypothesis of 
functional trade-offs in feeding, studies conducted in a terrestrial environment are critical. 
Comparing a range of species feeding on land would allow for comparison to the current study, 
and could determine if the generalizations seen in aquatic feeding are equally seen in terrestrial 
feeding performance.  
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Figures 
 
 
Figure 2.1. Images demonstrating maximal hyobranchial depression during suction feeding 
events and below a cleared and stained hyobranchial apparatus of the corresponding species. (A) 
Pleurodeles waltl, (B) Notophthalmus viridescens, (C) Triturus dobrogicus, (D) Cynops 
cyanurus, and (E) Paramesotriton labiatus. Blue staining indicates cartilage and red staining 
indicates mineralization. 
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Figure 2.2. Representative kinematic profiles for aquatic feeding in (A) Pleurodeles, (B) 
Notophthalmus, (C) Triturus, (D) Cynops, and (E) Paramesotriton. The feeding events displayed 
by these plots were chosen as they represented kinematics which were closest to the average for 
each respective species.  Solid lines illustrate gape distance, while dotted lines indicate 
hyobranchial depression throughout the feeding sequence.   
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Figure 2.3. Bar plots of suction feeding kinematic variables for the five experimental species. 
Individual bars show average kinematic performance values for each species with error bars 
representing standard error from multiple trials across multiple individuals per species. Shared 
letters over the bars indicate that means are not significantly different. Snout-vent length was 
used to correct for differences in size between species, and was accounted for in the ANOVA 
models used for this study. Average kinematics depicted include (A) maximum mouth opening 
velocity, (B) maximum mouth opening acceleration, (C) maximum hyobranchial depression 
velocity, and (D) maximum hyobranchial depression acceleration.  
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Figure 2.4. Representative DPIV images for suction feeding events of Pleurodeles, 
Notophthalmus, Triturus, Cynops, and Paramesotriton. Areas of warmer coloration and longer 
arrows represent higher velocity magnitudes being generated during the feeding event. Color 
scales under each image indicate the relative flow velocity depicted in m s-1. Flow velocity 
within the mouth was unable to be directly measured by DPIV, but velocity vectors were 
interpolated by the data analysis software in this region. Red, gray, and black asterisks within the 
DPIV image for Triturus dobrogicus indicate the location of the points being traced through time 
in subfigure (A). Traces in (A) represent maximum fluid velocity produced throughout the 
feeding event at the gape (red), at one-half the distance of the gape (gray), and at one gape 
distance from the mouth (black). 
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Figure 2.5. Bar plots of DPIV performance variables for Pleurodeles, Notophthalmus, Triturus, 
Cynops, and Paramesotriton. Averages from individuals within species are represented by 
colored bars and standard error of the variable is shown by error bars. Shared letters over the bars 
indicate that means are not significantly different. Snout-vent length was accounted for during 
ANOVA analyses for statistical differences between taxa. Parameters depicted are (A) peak flow 
velocity generated during suction feeding and (B) average flow velocity calculated in a gape by 
gape area at the time of maximum flow velocity generation. 
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Tables 
 
Table 2.1. Morphological measurements across species and tests for species differences. 
 
 Pleurodeles Notophthalmus Triturus Cynops Paramesotriton Species 
 Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N F-value p-value 
Snout-vent 
length (mm) 
73.4 8.6 3 46.1 0.9 3 73.0 3.2 3 57.5 1.4 3 74.2 1.9 3 35.62 <0.0001* 
Head width at 
eyes (mm) 
11.18 0.59 3 4.50 1.37 3 7.47 0.42 3 8.36 0.28 3 8.50 0.56 3 4.53 0.0263* 
Buccal width 
(mm) 
10.04 0.11 3 5.38 0.19 3 8.22 0.90 3 7.47 0.45 3 8.92 0.08 3 4.34 0.0314* 
Buccal length 
(mm) 
11.99 0.63 3 6.40 0.20 3 9.08 0.60 3 8.61 0.38 3 11.27 0.32 3 6.53 0.0095* 
Gape width (mm) 4.46 0.54 3 3.24 0.21 3 3.59 0.49 3 4.16 0.50 3 5.10 0.34 3 2.50 0.1167 
Mandible 
curvature  
2.41 0.08 3 3.14 0.17 3 2.28 0.17 3 2.84 0.28 3 3.23 0.13 3 4.93 0.0221* 
Oropharyngeal  
volume (mL) 
0.12 0.01 3 0.04 0.01 3 0.08 0.01 3 0.09 0.01 3 0.14 0.02 3 4.64 0.0263* 
Tongue skeleton 
mass (g) 
0.029 0.223 3 0.004 0.000 3 0.017 0.002 3 0.018 0.004 3 0.034 0.002 3 14.89 0.0005* 
Rectus cervicis 
profundus mass 
(g) 
0.012 0.004 3 0.002 0.000 3 0.010 0.002 3 0.009 0.000 3 0.044 0.004 3 21.32 0.0001* 
Rectus cervicis 
profundus cross-
sectional area 
(cm2) 
0.013 0.002 3 0.003 0.001 3 0.012 0.003 3 0.011 0.000 3 0.037 0.004 3 18.63 0.0002* 
Mineralization of 
basibranchial (%) 
0 0 3 45 8 3 55 9 3 68 3 3 70 7 3 26.63 <0.0001* 
Mineralization of 
ceratobranchial I 
(%) 
75 3 3 79 2 3 83 2 3 86 0 3 85 1 3 5.02 0.0210* 
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Table 2.1 (Continued) 
 
 Pleurodeles Notophthalmus Triturus Cynops Paramesotriton Species 
 Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N F-value p-value 
Mineralization of 
ceratobranchial II 
(%) 
0 0 3 9 9 3 39 20 3 70 5 3 70 2 3 14.95 0.0005* 
Mineralization of 
ceratobranchial I 
+ II complex (%) 
50 2 3 62 4 3 71 6 3 81 1 3 81 2 3 18.80 0.0002* 
Mineralization of 
epibranchial (%) 
69 4 3 79 2 3 79 1 3 87 0 3 86 2 3 8.90 0.0034* 
Mineralization of 
ceratohyal (%) 
28 3 3 41 3 3 43 3 3 40 1 3 54 3 3 26.18 <0.0001* 
Mineralization of 
tongue skeleton 
(%) 
41 3 3 51 1 3 59 4 3 59 1 3 69 1 3 52.47 <0.0001* 
Robustness 
index 
0.55 0.09 3 0.74 0.02 3 0.51 0.07 3 0.09 0.02 3 0.78 0.09 3 1.94 0.1880 
Aspect ratio 
basibranchial 
3.2 0.4 3 8.1 0.5 3 5.2 0.6 3 6.5 0.5 3 7.6 0.1 3 11.53 0.0014* 
Aspect ratio 
ceratobranchial I 
7.6 0.8 3 6.4 0.9 3 5.3 0.9 3 8.5 0.6 3 5.5 0.5 3 3.62 0.0505 
Aspect ratio 
ceratobranchial II 
12.5 1.0 3 15.3 0.5 3 14.9 1.9 3 20.1 0.8 3 14.8 0.7 3 4.69 0.0254* 
Aspect ratio 
ceratobranchial I 
+ II complex 
2.4 0.1 3 1.9 0.0 3 2.3 0.2 3 2.3 0.1 3 1.6 0.2 3 16.52 0.0004* 
Aspect ratio 
epibranchial 
10.7 0.5 3 11.7 1.9 3 8.3 0.6 3 11.6 0.6 3 5.2 0.5 3 3.72 0.0470 
Aspect ratio 
ceratohyal 
6.0 0.5 3 7.0 0.1 3 7.6 0.1 3 6.1 0.5 3 5.3 0.1 3 5.91 0.0129* 
 
*Significant effect after adjusting for false discovery rate.  Significant species differences corrected for snout-vent length.  
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Table 2.2. Post hoc analyses summarizing adjusted p-values of morphological measurements between species. 
 
 Pw-Nv Pw-Td Pw-Cc Pw-Pl Nv-Td Nv-Cc Nv-Pl Td-Cc Td-Pl Cc-Pl 
Snout-vent length 
(mm) 
<0.0001* 0.9999 0.0024* 0.9979 <0.0001* 0.0223 <0.0001* 0.0028* 0.9918 0.0016* 
Head width at eyes 
(mm) 
0.1316 0.0410 0.9797 0.1340 0.9235 0.2799 1.0000 0.0910 0.9196 0.2835 
Buccal width (mm) 0.2201 0.0406 0.9319 0.2215 0.7640 0.5565 1.0000 0.1253 0.7616 0.5591 
Buccal length 
(mm) 
0.2025 0.006* 0.5282 0.6177 0.1803 0.9293 0.8721 0.0584 0.0460 0.9998 
Gape width (mm) 0.9599 0.6225 0.9976 0.8379 0.9320 0.8611 0.4855 0.4554 0.1836 0.9477 
Head curvature  0.8105 0.9797 0.9608 0.0423 0.5156 0.9919 0.2015 0.7499 0.0192 0.1103 
Oropharyngeal 
volume (mL) 
0.9183 0.1001 0.9956 0.8162 0.3099 0.7612 0.3856 0.0589 0.0210* 0.9494 
Tongue skeleton 
mass (g) 
0.5885 *0.0037 0.9769 0.3997 0.0288 0.3119 0.0504 0.0118 0.0004* 0.7015 
Rectus cervicis 
profundus mass 
(g) 
0.1738 0.9989 0.2873 0.0002* 0.1211 0.9951 0.0038* 0.2047 0.0002* 0.0024* 
Rectus cervicis 
profundus cross-
sectional area 
(cm2) 
0.2361 0.9994 0.1759 0.0003* 0.1753 0.9994 0.0050* 0.1294 0.0003* 0.0066* 
Mineralization of 
basibranchial (%) 
0.0064 0.0005* 0.0001* 0.0001* 0.3212 0.0531 0.0183 0.7080 0.3311 0.9429 
Mineralization of 
ceratobranchial I 
(%) 
0.5892 0.1102 0.0225 0.0506 0.6841 0.1954 0.4006 0.8071 0.9814 0.9781 
Mineralization of 
ceratobranchial II 
(%) 
0.2823 0.0596 0.0007* 0.0020* 0.8020 0.0111 0.0370 0.0537 0.1818 0.9093 
Mineralization of 
ceratobranchial I + 
II complex (%) 
0.0790 0.0075* 0.0003* 0.0046* 0.5065 0.0135 0.0219 0.1455 0.2334 0.9965 
Mineralization of 
epibranchial (%) 
0.2812 0.0839 0.0061* 0.0044* 0.9030 0.1305 0.0905 0.4097 0.3006 0.9989 
Mineralization of 
ceratohyal (%) 
0.0014* 0.0018* 0.0029* <0.0001* 0.9997 0.9748 0.0285 0.9933 0.0222 0.0125 
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Table 2.2 (Continued) 
 
 Pw-Nv Pw-Td Pw-Cc Pw-Pl Nv-Td Nv-Cc Nv-Pl Td-Cc Td-Pl Cc-Pl 
Mineralization of 
tongue skeleton 
(%) 
0.0003* 0.0001* <0.0001* <0.0001* 0.6990 0.1552 0.0014* 0.7072 0.0071* 0.0437 
Robustness index 0.9619 0.9933 0.9898 0.2755 0.8230 0.9996 0.5824 0.9052 0.1587 0.4750 
Aspect ratio 
basibranchial 
0.0315 0.0936 0.1238 0.0006* 0.9399 0.8748 0.0833 0.9996 0.0281 0.0212 
Aspect ratio 
ceratobranchial I 
0.4228 0.2630 0.9845 0.3411 0.9945 0.2229 0.9997 0.1305 0.9995 0.1740 
Aspect ratio 
ceratobranchial II 
1.0000 0.5837 0.0288 0.5757 0.6023 0.0303 0.5942 0.2496 1.0000 0.2545 
Aspect ratio 
ceratobranchial I + 
II complex 
0.0226 0.9661 0.9863 0.0012* 0.0564 0.0461 0.2396 0.9999 0.0025* 0.0021* 
Aspect ratio 
epibranchial 
0.3018 0.5002 0.8628 0.0328 0.9916 0.7922 0.5525 0.9534 0.3410 0.1342 
Aspect ratio 
ceratohyal 
0.8855 0.0694 0.9919 0.6514 0.2525 0.6774 0.2301 0.0373 0.0095* 0.8668 
 
Species abbreviations: Pw (Pleurodeles waltl), Nv (Notophthalmus viridescens), Td (Triturus dobrogicus), Cc (Cynops cyanurus), Pl 
(Paramesotriton labiatus). 
 
*Significant species differences corrected for snout-vent length. Post-hoc analyses comparing species includes adjustments for false 
discovery rate.  
 
 
 
 
 
 
 
 
45 
 
Table 2.3. Aquatic feeding performance kinematics across species and tests for species differences. 
 
 Pleurodeles Notophthalmus Triturus Cynops Paramesotriton Species 
 
Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N F-value p-value 
Gape distance 
(mm) 
5.15 0.47 5 5.31 0.19 5 3.90 0.19 5 4.51 0.49 5 6.06 0.24 5 22.98 <0.0001* 
Hyobranchial 
depression 
(mm) 
3.13 0.30 5 2.61 0.14 5 4.62 0.27 5 2.26 0.22 5 3.52 0.29 5 8.22 <0.0001* 
Duration 
mouth 
opening (s) 
0.044 0.002 5 0.067 0.014 5 0.038 0.001 5 0.038 0.001 5 0.028 0.001 5 7.95 <0.0001* 
Duration 
mouth closing 
(s) 
0.088 0.004 5 0.111 0.017 5 0.081 0.003 5 0.079 0.004 5 0.056 0.003 5 10.73 <0.0001* 
Gape cycle (s) 0.132 0.005 5 0.178 0.032 5 0.119 0.004 5 0.117 0.005 5 0.084 0.004 5 10.17 <0.0001* 
Time to 
maximum 
hyobranchial 
depression (s) 
0.066 0.005 5 0.086 0.015 5 0.074 0.003 5 0.052 0.002 5 0.054 0.003 5 5.15 0.0008* 
Maximum 
mouth 
opening 
velocity (m s-1) 
0.193 0.016 5 0.202 0.016 5 0.202 0.011 5 0.255 0.024 5 0.435 0.024 5 37.57 <0.0001* 
Maximum 
mouth 
opening 
acceleration 
(m s-2) 
23.34 2.76 5 28.70 4.06 5 30.31 2.31 5 27.24 4.42 5 120.31 19.07 5 17.75 <0.0001* 
Maximum 
hyobranchial 
depression 
velocity (m s-1) 
0.155 0.022 5 0.153 0.010 5 0.167 0.008 5 0.133 0.013 5 0.224 0.016 5 3.73 0.0071* 
Maximum 
hyobranchial 
depression 
acceleration 
(m s-2) 
16.98 4.17 5 20.23 3.25 5 13.49 1.01 5 17.48 2.07 5 49.39 13.74 5 10.08 <0.0001* 
 
*Significant species differences corrected for snout-vent length. Anova comparing species includes individual nested within species 
and adjustments for false discovery rate. 
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Table 2.4. Post-hoc analyses summarizing adjusted p-values of aquatic feeding kinematics between species. 
 
 Pw-Nv Pw-Td Pw-Cc Pw-Pl Nv-Td Nv-Cc Nv-Pl Td-Cc Td-Pl Cc-Pl 
Gape distance (mm) 0.3040 0.0006* 0.9437 0.0595 <0.0001* 0.0626 0.9382 0.0075 <0.0001* 0.0069* 
Hyobranchial 
depression (mm) 
0.0216 0.0002* 0.6066 0.9767 0.6236 0.4688 0.0990 0.0233 0.0016* 0.9148 
Duration mouth 
opening (s) 
0.9165 0.7676 0.0097* <0.0001* 0.9974 0.0963 0.0017* 0.1948 0.0052* 0.6491 
Duration mouth 
closing (s) 
0.8223 0.9594 0.0192* <0.0001* 0.9953 0.2461 0.0002* 0.1125 0.0010* 0.1313 
Gape cycle (s) 0.8605 0.9053 0.0100* <0.0001* 1.0000 0.1456 0.0003* 0.1140 0.0002* 0.2544 
Time to maximum 
hyobranchial 
depression (s) 
0.6266 0.4832 0.5160 0.4057 0.9994 0.0291 0.0175* 0.0153 0.0089* 0.9998 
Maximum mouth 
opening velocity (m 
s-1) 
0.0049* 1.0000 <0.0001* <0.0001* 0.0045* 0.5125 <0.0001* <0.0001* <0.0001* <0.0001* 
Maximum mouth 
opening 
acceleration (m s-2) 
0.0084* 0.5395 0.0042* <0.0001* 0.3444 0.9995 0.0002* 0.2386 <0.0001* 0.0004* 
Maximum 
hyobranchial 
depression velocity 
(m s-1) 
0.2296 0.9982 0.8920 0.0222* 0.3806 0.7595 0.8641 0.9729 0.0502 0.2016 
Maximum 
hyobranchial 
depression 
acceleration (m s-2) 
0.1997 0.9997 0.3320 <0.0001* 0.2814 0.9985 0.0092* 0.4392 <0.0001* 0.0037* 
 
Species abbreviations: Pw (Pleurodeles waltl), Nv (Notophthalmus viridescens), Td (Triturus dobrogicus), Cc (Cynops cyanurus), Pl 
(Paramesotriton labiatus). 
 
*Significant species differences corrected for snout-vent length. Post-hoc analyses comparing species includes adjustments for false 
discovery rate.  
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Table 2.5. Digital particle image velocimetry performance parameters across species and tests for species differences. 
 
 Pleurodeles Notophthalmus Triturus Cynops Paramesotriton Species 
  Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N F-value p-value 
Absolute 
peak 
velocity 
(m s-1) 
0.276 0.002 3 0.204 0.019 3 0.256 0.009 3 0.212 0.009 3 0.515 0.012 3 97.87 <0.0001* 
Average 
peak 
velocity 
(m s-1) 
0.216 0.018 3 0.147 0.015 3 0.210 0.013 3 0.155 0.014 3 0.371 0.027 3 13.42 <0.0001* 
Average 
velocity 
(m s-1) 
0.072 0.008 3 0.051 0.004 3 0.078 0.008 3 0.053 0.006 3 0.175 0.013 3 23.66 <0.0001* 
Time to 
peak 
velocity 
(s) 
0.051 0.003 3 0.035 0.004 3 0.034 0.002 3 0.031 0.002 3 0.033 0.002 3 9.16 <0.0001* 
Decline in 
velocity 
(m s-1) 
0.174 0.018 3 0.114 0.013 3 0.170 0.015 3 0.121 0.012 3 0.262 0.028 3 4.08 0.0057* 
Average 
peak 
velocity 
at 1/2 
gape 
distance 
(m s-1) 
0.086 0.012 3 0.055 0.006 3 0.086 0.010 3 0.069 0.010 3 0.198 0.028 3 8.37 <0.0001* 
Average 
peak 
velocity 
at 1 gape 
distance 
(m s-1) 
0.002 0.007 3 0.033 0.006 3 0.040 0.008 3 0.035 0.005 3 0.109 0.024 3 4.47 0.0033* 
 
*Significant species differences corrected for snout-vent length. Anova comparing species includes individual nested within species 
and adjustments for false discovery rate 
 
 
48 
 
Table 2.6. Post hoc analyses summarizing adjusted p-values of digital particle image velocimetry performance parameters between 
species. 
 
  Pw-Nv Pw-Td Pw-Cc Pw-Pl Nv-Td Nv-Cc Nv-Pl Td-Cc Td-Pl Cc-Pl 
Absolute peak 
velocity (m s-1) 
0.2166 0.0372 0.0001* <0.0001* 0.0001* 0.1311 <0.0001* <0.0001* <0.0001* <0.0001* 
Average peak 
velocity (m s-1) 
0.9664 0.8587 0.2680 <0.0001* 0.5298 0.7429 0.0002* 0.0304 <0.0001* 0.0047* 
Average velocity 
(m s-1) 
0.4924 0.9988 0.0370 <0.0001* 0.3483 0.8135 <0.0001* 0.0182 <0.0001* <0.0001* 
Time to peak 
velocity (s) 
0.0208 <0.0001* 0.0009* <0.0001* 0.5248 0.9547 0.4953 0.8812 1.0000 0.8595 
Decline in 
velocity (m s-1) 
0.9999 0.9643 0.8043 0.0286* 0.9407 0.9102 0.0767 0.4059 0.0044* 0.3111 
Average peak 
velocity at 1/2 
gape distance (m 
s-1) 
0.9808 0.9920 0.4013 0.0002* 0.8716 0.8199 0.0040* 0.1913 <0.0001* 0.0426 
Average peak 
velocity at 1 gape 
distance (m s-1) 
0.9643 0.9940 0.7618 0.0100* 0.8384 0.9928 0.1087 0.2103 0.0029* 0.1816 
 
Species abbreviations: Pw (Pleurodeles waltl), Nv (Notophthalmus viridescens), Td (Triturus dobrogicus), Cc (Cynops cyanurus), Pl 
(Paramesotriton labiatus). 
 
*Significant species differences corrected for snout-vent length. Post-hoc analyses comparing species includes adjustments for false 
discovery rate. 
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CHAPTER THREE:  
FUNCTIONAL MORPHOLOGY OF TERRESTRIAL PREY CAPTURE IN 
SALAMANDRID SALAMANDERS 
 
Abstract 
Salamanders use the hyobranchial apparatus and its associated musculature for tongue 
projection on land and for suction feeding in water.  Hyobranchial apparatus composition and 
morphology vary across species and different morphologies are better suited for feeding in 
aquatic versus terrestrial environments. I hypothesize that differences in hyobranchial 
morphology and function result in functional trade-offs in feeding performance. I predict that 
semi-aquatic and aquatic salamandrids with hyobranchial morphology suited for aquatic feeding 
will have lower performance, in terms of tongue-projection distance, velocity, acceleration and 
power, compared to terrestrial salamandrids when feeding in a terrestrial environment. I found 
that semi-aquatic and aquatic newts had lower velocity, acceleration, and muscle-mass-specific 
power of tongue projection when compared to the terrestrial salamanders Chioglossa lusitanica 
and Salamandra salamandra. The fully aquatic newt, Paramesotriton labiatus, has a robust, 
heavily mineralized hyobranchial apparatus and was unable to project its tongue during 
terrestrial feeding, and instead exhibited suction-feeding movements better suited for aquatic 
feeding. Conversely, terrestrial species have gracile, cartilaginous hyobranchial apparatus and 
enlarged tongue pads that coincided with greater tongue-projection distance, velocity, 
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acceleration, and power. Chioglossa exhibited extreme tongue-projection performance, similar to 
that seen in elastically projecting plethodontid salamanders; muscle-mass-specific power of 
tongue projection exceeded 2200 W kg-1, more than 350 times that of the next highest performer, 
Salamandra, which reached 6.3 W kg-1. These findings reveal that two fully terrestrial 
salamandrids have morphological specializations that yield greater tongue-projection 
performance compared to species that naturally feed in both aquatic and terrestrial environments. 
 
Introduction 
Most salamanders rely on rapid tongue projection to capture prey during terrestrial 
feeding (Wake and Deban, 2000). The hyobranchial apparatus enables tongue projection, and has 
diverse morphologies across salamander species (Lombard and Wake, 1977; Özeti and Wake, 
1969; Wake and Deban, 2000).  Studies of aquatic feeding morphology and performance have 
found that salamanders with more robust and mineralized hyobranchial apparatus produce 
greater fluid velocity during suction feeding events; however, our understanding of the direct 
effects of morphology on terrestrial feeding performance, and the trade-offs that may accompany 
feeding across aquatic and terrestrial environments, is limited (Beneski et al., 1995; Larsen et al., 
1996; Larsen et al., 1989; Miller and Larsen, 1990; Özeti and Wake, 1969; Stinson and Deban, in 
review). In this study I compared the morphology and tongue-projection performance of 
terrestrial, semi-aquatic, and aquatic salamandrids to assess functional trade-offs during 
terrestrial feeding events.  
Salamanders that utilize tongue projection have morphological specializations including 
reduced skulls, flexible tongue skeletons (i.e., hyobranchial apparatus), and a tongue pad that is 
loosely attached to the floor of the mouth (Lombard and Wake, 1977). Some plethodontid 
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salamanders have further specializations allowing for thermally robust, high-power tongue 
projection through elastic-recoil mechanisms (Anderson et al., 2014; Deban et al., 2007; Deban 
and Richardson, 2011; Deban and Scales, 2016; Scales et al., 2017; Scales et al., 2016). In an 
extreme case, Hydromantes platycephalus can project its tongue up to 80% its body length with 
muscle-mass-specific power reaching 4992 W kg-1 (Deban and Richardson, 2011). Most 
salamanders using tongue projection have lower tongue-projection velocity, acceleration, and 
mass-specific power than those of elastically projecting plethodontids, and use a lunging motion 
to increase strike distance and presumably strike force (Larsen et al., 1996). The skeletal 
foundation of tongue projection, the paired ceratohyal (CH), has a more active role in 
salamandrid, ambystomatid, and hynobiid salamanders that lunge during prey capture, moving 
forward as the tongue is projected, whereas in other salamanders it is relatively immobile 
(Findeis and Bemis, 1990; Larsen et al., 1996; Miller and Larsen, 1990; Reilly and Lauder, 
1989). Maximum tongue extension is also shorter in species that lunge compared to 
plethodontids with elastic tongue projection, often only reaching 6 to 20% of snout-vent length 
beyond the mandible (Beneski et al., 1995; Findeis and Bemis, 1990; Larsen et al., 1996; Miller 
and Larsen, 1990). 
Tongue projection in salamanders is accomplished through the forward protrusion of the 
hyobranchial apparatus. The central axis of the hyobranchial apparatus is the medial 
basibranchial (BB), which connects posteriorly to the paired ceratobranchial I (CB I) and 
ceratobranchial II (CB II) (Wake and Deban, 2000). In most species, paired structures known as 
the epibranchials (EB) attach to the posterior aspects of CB I and CB II. In some salamanders, 
such as Chioglossa, Salamandra, and Salamandrina, the EB is not present, and instead CB I 
extends caudally beyond its articulation with CB II (Özeti and Wake, 1969; Wake and Deban, 
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2000). The subarcualis rectus (SAR) muscles are wrapped around the posterior-most element 
(CB I or EB) and extend anteriorly to their origin on the paired, blade-like CH, which lies dorsal 
to the remainder of the hyobranchial apparatus. A sticky tongue pad sits at the rostral tip of the 
BB and is carried out of the mouth during tongue projection. The SAR muscles power this 
projection, contracting around the EB, pushing the tongue skeleton rostrally relative to the CH 
and propelling the tongue out of the mouth. The rectus cervicis (RC) muscles attach anteriorly to 
the hyobranchial apparatus, and retract the hyobranchial apparatus and tongue into the mouth 
(Deban, 2003; Wake and Deban, 2000).  
Based on the morphology of the hyobranchial apparatus and our understanding of feeding 
biomechanics, functional trade-offs resulting in lower tongue-projection velocity, acceleration, 
and power are expected in salamanders that are proficient suction feeders compared to species 
that are specialized to feed on land (Deban, 2003; Özeti and Wake, 1969). Performance 
differences may occur during aquatic and terrestrial feeding because the hyobranchial apparatus 
has competing functions in semi-aquatic and aquatic newts. These salamanders rely on suction 
feeding in water, rapidly expanding the oropharynx via hyobranchial depression (Deban and 
Wake, 2000). Morphological and kinematic specializations such as greater mineralization of the 
hyobranchial apparatus and faster hyobranchial depression produce higher fluid velocity in 
aquatically feeding newts (Miller and Larsen, 1989; Stinson and Deban, in review). A robust 
hyobranchial apparatus better resists flexion as the oropharynx is expanded, permitting faster and 
more forceful hyobranchial depression (Stinson and Deban, in review). Additionally, the semi-
aquatic newts Lissotriton vulgaris and Ichthyosaura alpestris modulate their feeding during 
seasonal shifts, using jaw prehension to feed on land during their aquatic phase and tongue 
projection during their terrestrial phase (Heiss et al., 2013; Heiss et al., 2015). Differences in 
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tongue-projection kinematics among salamandrids have also shown that semi-aquatic and aquatic 
newts have lower tongue-projection length compared to terrestrial species, or entirely lack the 
ability to project the tongue (Miller and Larsen, 1990).  
This study examines the interplay of morphology and feeding performance, in terms of 
tongue-projection distance, velocity, acceleration, and power, of two terrestrial (Chioglossa 
lusitanica and Salamandra salamandra), five semi-aquatic (Pleurodeles waltl, Notophthalmus 
viridescens, Triturus dobrogicus, and Cynops cyanurus), and one fully aquatic (Paramesotriton 
labiatus) species of salamander in the Family Salamandridae. Salamandrids are an ideal focal 
group because species within the family are morphologically and ecologically diverse, allowing 
us to assess possible trade-offs in feeding performance. I hypothesize that differences in feeding 
morphology will yield differences in tongue-projection performance. Specifically, I predict that 
semi-aquatic and aquatic species will exhibit morphological and functional compromises in the 
hyobranchial apparatus, resulting in lower tongue-projection velocity, acceleration, and muscle-
mass-specific power during terrestrial prey capture than species that feed only on land. 
 
Materials and Methods 
Specimens 
To represent the broad life-history strategies within the Salamandridae, seven species that 
fed readily on land were used to study tongue-projection performance: Chioglossa lusitanica 
(Bocage, 1864), Salamandra salamandra (Linnaeus, 1758), Pleurodeles waltl (Michahelles, 
1830), Notophthalmus viridescens (Rafinesque, 1820), Triturus dobrogicus (Kiritzescu, 1903), 
Cynops cyanurus (Liu, Hu & Yang, 1962), and Paramesotriton labiatus (Unterstein, 1930). All 
salamanders were obtained from commercial suppliers, except C. lusitanica which were 
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collected from wild populations (Oia, Spain). Salamanders were individually housed in 33.0 x 
18.5 x 11.5 cm plastic containers placed on an incline with a lining of moist paper towels. 
Containers were filled partially with water, providing the salamanders with access to both water 
and land. Individuals were maintained on a diet of crickets, fruit flies, earthworms, and 
bloodworms, and housed at 16-21°C. All procedures in this study were approved by the 
Institutional Animal Care and Use Committee of the University of South Florida. 
 
Morphology 
Three individuals from each of the seven species were euthanized by immersion in a 3 g 
L-1 buffered aqueous solution of MS-222 (tricaine methanesulfonate; Sigma-Aldrich, St Louis, 
MO, USA), followed by exsanguination. Snout-vent length (SVL), from the tip of the rostrum to 
the posterior extent of the vent, and total length (TL), from the tip of the rostrum to the tip of the 
tail, were measured using digital calipers (Neiko Tools model 01408A, China; ±0.02 mm 
accuracy), and animals were weighed on a digital scale (Virtual Measurements and Control 
model VB-302A, Santa Rosa, CA, USA; ±0.001 g accuracy).  Buccal area was calculated as half 
the area of an ellipse, with each radius measured as buccal length and one-half of the buccal 
width at the posterior end of the jaws. The tongue and hyobranchial apparatus were then 
manipulated to simulate tongue projection. Observations regarding the mobility of the tongue 
during extension and maximum extension length, from the tip of the basibranchial to the rostral 
tip of the lower jaw, were recorded. Salamanders were photographed in dorsal and ventral views 
using a digital camera (Canon PowerShot S70, Tokyo, Japan) attached to a dissecting 
microscope (Leica MZ6, Wetzlar, Germany). The curvature of the mandible of each animal was 
calculated in ImageJ software (National Institute of Health, Bethesda, MD, USA) as the ratio of 
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the arc length to the chord length of the mandible. The arc length was measured as the distance 
along the curve of the lower jaw from the posterior end of one mandible to the posterior end of 
the contralateral mandible, and chord length was measured as the distance across the floor of the 
mouth at the level of the jaw joint. 
After external morphological measurements were taken, the subarcualis rectus (SAR), or 
projector, muscles were peeled anteriorly from their origin on the CH, removed from the 
hyobranchial apparatus, and weighed. The length of the rectus cervicis (RC), or retractor, 
muscles was measured from the anterior insertion on the tongue pad to the pectoral girdle, where 
the RC and rectus abdominis muscles are no longer distinct, in P. waltl, N. viridescens, T. 
dobrogicus, C. cyanurus, and P. labiatus. In C. lusitanica and S. salamandra the RC muscles 
originate on the pelvis, however, and length of the RC muscles in these species was measured 
from the anterior insertion on the tongue pad to the origin on the pelvis (Özeti and Wake, 1969). 
The remaining hyobranchial apparatus and musculature were excised by cutting the RC muscles 
at the tip of the EB, and freeing the tongue pad and hyobranchial apparatus from the buccal 
mucosa and severing the genioglossus muscle at the origin on the mandible. The tongue (tongue 
skeleton, anterior RC muscles, and tongue pad) was weighed prior to further dissection and 
independent massing of each component. To account for the remaining mass of the RC muscles 
in C. lusitanica and S. salamandra, the posterior portions were also removed and weighed. The 
cross-sectional area (CSA) of the RC muscles was calculated as the mass of the RC muscles 
divided by the product of the density of muscle and the previously measured length. The ratio of 
the tongue to SAR muscle and tongue to RC muscle masses were calculated to determine mass-
specific power of tongue projection and retraction, respectively, in later analyses.  
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Following dissection, the hyobranchial apparatus of three individuals per species was 
cleared and doubly stained (Hanken and Wassersug, 1981). The stained hyobranchial apparatus 
were photographed with a digital camera attached to a dissecting microscope. Percent 
mineralization and aspect ratio, ratio of length to width, were calculated in ImageJ for each of the 
following elements: BB, CB I, CB II, ceratobranchial I + ceratobranchial II complex (CB I + CB 
II), EB, and CH. The percent mineralization of the entire tongue skeleton was also calculated. A 
robustness index (RI) for each specimen was calculated by dividing the total area of the 
hyobranchial apparatus by the buccal area. 
 
Videography and Kinematic and Inverse Dynamic Analyses 
Six individuals of C. lusitanica and five individuals of S. salamandra, P. waltl, N. 
viridescens, T. dobrogicus, C. cyanurus, and P. labiatus were imaged in lateral view at 3 kHz 
with a Photron Fastcam high-speed camera (1024 PCI, Photron USA Inc., San Diego, CA, USA) 
under white LED illumination while feeding on prey placed at varying distances from the 
salamander. Prey type was varied for terrestrial feeding trials to elicit maximal feeding 
performance and included 0.5 cm pieces of earthworm, fruit flies, termites, and crickets. Imaging 
occurred at 17-21°C against a 0.5 cm x 0.5 cm grid for scale. Five feeding sequences from each 
of the five individuals per species were used for kinematic analyses in all but C. lusitanica, in 
which one to five recordings were obtained per individual.  
Feeding sequences were digitized in ImageJ software. The position (x,y coordinates) of 
the tips of the upper and lower jaws, the nape (i.e., external point of flexion during rotation of the 
head about the atlanto-occipital joint), the ventral most point of the oropharynx, and the leading 
edge of the tongue were tracked for each frame throughout the feeding event. To standardize 
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start time across all feeding trials, digitizing began 15 frames prior to mouth opening and ended 
the frame after the mouth was closed. Using a custom R script (R statistical software version 
3.2.3, www.r-project.org), the x,y coordinates were used to calculate maximum gape distance 
(i.e., distance between the upper and lower jaw tips), hyobranchial depression (i.e., difference 
between maximum hyobranchial depression distance and hyobranchial depression distance at the 
start of a feeding sequence), and tongue projection (i.e., distance between the tip of the tongue 
and lower jaw tip). The duration of mouth opening and closing, gape cycle, maximum 
hyobranchial depression duration, and maximum tongue-projection duration were also 
calculated.  
Maximum velocity and acceleration for mouth opening, hyobranchial depression, and 
tongue projection and retraction were calculated by taking the first and second derivatives, 
respectively, of a quintic spline fit to the position versus time data in R using the pspline 
package. Smoothing parameters of the quintic spline were adjusted to remove secondary 
oscillations from the acceleration data for each species. Inverse dynamics were used to calculate 
the maximum muscle-mass-specific power of tongue projection and retraction during each 
feeding event. Tongue-mass-specific power was calculated as the product of velocity and 
acceleration, which was multiplied by the ratio of the tongue to SAR masses for projection 
power and by the ratio of the tongue to RC masses for retraction power. Tongue-projection 
performance was measured as the distance, velocity, acceleration, and muscle-mass-specific 
power of tongue projection in each species. 
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Statistical Analysis 
Custom R scripts were used to detect statistical differences in all morphological, 
kinematic, and inverse dynamics data among the seven species. Analyses accounted for size by 
including SVL in the statistical model as a covariate. The data set was also tested for 
phylogenetic signal with the Phytools package in R, using the two most current phylogenies for 
family Salamandridae (Pyron and Weins, 2011; Zhang et al., 2008). No significant phylogenetic 
signal was found (Blomberg’s K < 1, Pagel’s λ < 1), therefore, standard statistical tests were 
conducted (Blomberg et al., 2003; Pagel, 1999). For all measured variables a nested two-way 
ANOVA, accounting for SVL and individual nested within species, was conducted. To meet 
parametric assumptions, the following variables were log10 transformed during statistical 
analyses: SAR muscle and tongue skeleton masses, RC muscle mass and cross-sectional area, 
BB aspect ratio, maximum gape, maximum tongue projection, duration of mouth opening and 
closing, gape cycle, maximum projection duration, maximum mouth opening and hyobranchial 
depression acceleration, and maximum projection and retraction power. To determine statistical 
differences between species, Tukey’s post hoc analyses were conducted. Additionally, statistical 
tests with multiple comparisons were corrected for false discovery rate (Benjamini and 
Hochberg, 1995). Species averages and standard error of the mean (SEM) were calculated for all 
morphological, kinematic, and inverse dynamics variables. 
 
Results 
Morphology 
Extended tongue lengths are highest in the terrestrial species, Chioglossa lusitanica and 
Salamandra salamandra, with the tongue extending past the mandible by 7% and 6% of SVL 
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respectively. Chioglossa lusitanica and S. salamandra have SAR muscles that weigh less than 
the mass of projectile unit of the tongue, tongue skeleton, and anterior RC muscles (Table 3.1). 
Both of the species have RC muscles that remain distinct from surrounding trunk muscles along 
their entire course from tongue to pelvis, whereas the posterior region of the RC muscles are not 
distinct from the rectus abdominis muscles in the semi-aquatic and aquatic newts, Pleurodeles 
waltl, Notophthalmus viridescens, Triturus dobrogicus, Cynops cyanurus, and Paramesotriton 
labiatus. The RC muscles of C. lusitanica also have greater cross-sectional area relative to their 
SVL compared to all other salamandrids, except P. labiatus. Both C. lusitanica and S. 
salamandra have significantly lighter hyobranchial apparatus at 0.0050 ± 5.8E-04 and 0.032 ± 
0.0075 g, respectively, than either C. cyanurus or P. labiatus (Table 3.1). The BB in C. 
lusitanica is more mineralized at 77% and has a high aspect ratio compared to S. salamandra and 
most newts. The remainder of the hyobranchial apparatus in the terrestrial species has no 
mineralization (Table 3.1, Figure 3.1).  
Extended tongue length is lowest in P. labiatus, which is entirely unable to project the 
tongue. Also, the mandible is relatively more curved, elongate and tapered, in P. labiatus than in 
T. dobrogicus. Labial lobes are more pronounced in the fully aquatic newt than in the other 
salamandrids examined. The SAR muscles are more massive in P. labiatus at 0.084 ± 0.009 g, 
and more than three times the mass of the SAR muscles of other salamandrids (Table 3.1). 
Additionally, the tongue-to-SAR muscle-mass ratio is relatively low in this species, with a ratio 
of 1.0, because the SAR muscles and the tongue projectile (the hyobranchial apparatus, tongue 
pad, and anterior RC muscles) have similar masses. The RC muscles are more massive in this 
species than in C. lusitanica, S. salamandra, P. waltl, N. viridescens, and T. dobrogicus, and 
have the greatest cross-sectional area (Table 3.1). Overall the hyobranchial apparatus is more 
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massive at 0.034 ± 0.002 g and is highly mineralized in the fully aquatic newt. Mineralization is 
greatest in the hyobranchial apparatus of P. labiatus, with 69% of the total apparatus 
mineralized. The CB I + CB II is also relatively wide in this species with an aspect ratio of 1.6, 
while all other salamanders examined reach values of 2 or greater (Table 3.1, Figure 3.1).  
The semi-aquatic salamandrids examined have hyobranchial and tongue morphology that 
is intermediate between terrestrial and aquatic species. Extended tongue lengths are less than 
those of C. lusitanica and S. salamandra, but more than that of P. labiatus. The mass of the SAR 
muscles in P. waltl and T. dobrogicus are between the SAR muscle masses of P. labiatus and C. 
lusitanica, at 1.94 ± 0.18 and 3.54 ± 0.07 g, respectively, with P. waltl having the lowest and T. 
dobrogicus having the greatest SAR muscle mass of the semi-aquatic newts. The cross-sectional 
area of the RC muscles in C. cyanurus is also intermediate between fully terrestrial and fully 
aquatic salamandrids, but is greater than the other semi-aquatic newts (Table 3.1). Similarly, the 
mineralization of the hyobranchial apparatus and each of the hyobranchial elements falls 
between those of fully terrestrial or fully aquatic salamanders. Cynops cyanurus and T. 
dobrogicus have more mineralized BB than other semi-aquatic newts, while a relatively more 
mineralized CB I is present in C. cyanurus and P. waltl. The remainder of the tongue skeleton is 
less mineralized than in P. labiatus and more mineralized than in C. lusitanica and S. 
salamandra, ranging from 41–59% mineralized in the semi-aquatic newts (Table 3.1, Figure 
3.1). 
 
Terrestrial Feeding 
Individuals across the seven species successfully captured prey during terrestrial feeding 
events. Chioglossa lusitanica, S. salamandra, P. waltl, N. viridescens, and T. dobrogicus fed 
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using tongue projection in all trials, while C. cyanurus fed using tongue prehension in 68% of 
feeding trials, resorting to jaw prehension during the remaining feeding attempts. During tongue 
prehension, the tongue pad and hyobranchial apparatus moved forward out of the mouth until the 
sticky tongue pad contacted the prey. The tongue was then retracted into the mouth as the jaws 
closed. Paramesotriton labiatus did not feed using tongue prehension in any feeding trials and 
instead only used jaw prehension. During jaw prehension, P. labiatus rapidly expanded the 
oropharyngeal region, similar to that used during aquatic suction feeding.  
 
Prey Capture Kinematics and Feeding Performance 
A total of 172 image sequences were captured from the seven species examined. For S. 
salamandra, P. waltl, N. viridescens, T. dobrogicus, C. cyanurus, and P. labiatus five image 
sequences from five individuals of each species were obtained. A total of 22 image sequences 
from six individuals of C. lusitanica were recorded. Maximum gape distance in N. viridescens 
and P. labiatus exceeded those of all other salamanders tested, except S. salamandra. 
Additionally, gape cycle duration was shortest in C. lusitanica and P. labiatus, and longest in N. 
viridescens. Hyobranchial depression was greatest in P. labiatus. Cynops cyanurus and N. 
viridescens had greater hyobranchial depression compared to C. lusitanica and T. dobrogicus. 
Maximum hyobranchial depression duration was greatest in N. viridescens and lowest in C. 
lusitanica (Table 3.2). Tongue-projection distance was greatest in the terrestrial salamanders, C. 
lusitanica and S. salamandra, while the fully aquatic newt, P. labiatus, was unable to feed using 
tongue projection. Chioglossa lusitanica had the shortest tongue-projection duration.  The semi-
aquatic newts had lower projection distance and greater projection duration when compared to 
terrestrial salamandrids (Table 3.2, Figure 3.2). 
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Maximum mouth opening velocity and acceleration were greatest in the fully aquatic 
newt, P. labiatus. Maximum mouth opening velocity in P. labiatus was 0.302 ± 0.021 m s-1, 
while mouth opening acceleration was 50.89 ± 7.74 m s-2 (Table 3.2, Figure 3.3). Higher velocity 
and acceleration of mouth opening resulted from a relatively wide gape occurring over a shorter 
duration (Table 3.2, Figure 3.2). Though the values of C. lusitanica and S. salamandra do not 
exceed those of P. labiatus, mouth opening velocity was also greater in these species at 0.197 ± 
0.011 and 0.292 ± 0.013 m s-1, respectively; however, only mouth opening acceleration was 
greater in C. lusitanica (Table 3.2, Figure 3.3). As with P. labiatus, S. salamandra opened its 
mouth relatively wide, but over a duration similar to those of other newts. Chioglossa lusitanica 
gape distance was comparable to that of semi-aquatic newts, but mouth opening duration was 
relatively shorter than in semi-aquatic newts (Table 3.2, Figure 3.2). Overall, mouth opening 
velocity and acceleration were lower in semi-aquatic species (Table 3.2, Figure 3.3). 
Hyobranchial depression velocity was greatest in P. labiatus, while acceleration varied 
across species. During terrestrial feeding trials, P. labiatus had an average maximum 
hyobranchial depression velocity of 0.189 ± 0.015 m s-1, more than double the velocity measured 
in the other salamanders (Table 3.2, Figure 3.4A). Paramesotriton labiatus achieved this velocity 
with the greatest hyobranchial depression distance during terrestrial feeding and a shorter 
maximal hyobranchial depression duration (Table 3.2, Figure 3.2). Hyobranchial depression 
velocity was also greater in C. lusitanica at 0.086 ± 0.011 m s-1; however, this is caused by a 
shorter duration to maximum hyobranchial depression, rather than any significant increase in 
hyobranchial depression distance (Table 3.2, Figures 3.2 and 3.3). Semi-aquatic species had 
lower hyobranchial depression velocity during terrestrial feeding than P. labiatus and C. 
lusitanica (Table 3.2, Figure 3.3). 
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Tongue-projection performance was greatest in C. lusitanica, with tongue-projection 
velocity and acceleration exceeding values of the other species by over four and 36 times, 
respectively. Average maximum tongue-projection velocity was 1.860 ± 0.081 m s-1 and average 
maximum acceleration was 533.27 ± 35.92 m s-2. Maximum muscle-mass-specific tongue-
projection power was highest in this terrestrial salamandrid, reaching power output over 350 
times that of other salamandrids at 2244.17 ± 209.61 W kg-1 (Table 3.2, Figure 3.5C). While S. 
salamandra had lower tongue-projection velocity, acceleration, and muscle-mass-specific power 
than C. lusitanica of 0.193 ± 0.0069 m s-1, 11.73 ± 0.77 m s-2, and 6.33 ± 0.69 W kg-1, 
respectively, overall tongue-projection performance was higher than in semi-aquatic and aquatic 
newts (Table 3.2, Figure 3.5A-C). Tongue retraction velocity, acceleration, and power were 
greatest in C. lusitanica, with S. salamandra again exceeding the values of the other newts, but 
less than of that of C. lusitanica (Table 3.2, Figure 3.5D).  
When comparing the semi-aquatic and aquatic newts, minor differences arise in tongue-
projection velocity, acceleration, and power between these species. Furthermore, the tongue-
projection performance of some semi-aquatic newts does not differ from P. labiatus, which is 
unable to project its tongue. Maximum projection velocity and acceleration were not 
significantly different in P. waltl, T. dobrogicus, and P. labiatus. Additionally, muscle-mass-
specific projection power was not significantly different in T. dobrogicus, C. cyanurus, and P. 
labiatus (Table 3.2, Figures 3.2 and 3.5A-C).  
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Discussion 
Morphology 
Terrestrial salamanders Chioglossa and Salamandra have larger tongue-to-SAR muscle-
mass ratio and retractor muscles that are anatomically and biomechanically distinct from the 
surrounding musculature (Table 3.1). Enlarged tongue pads and greater extended tongue lengths 
can be beneficial in capturing elusive prey or reaching food items at greater distances (Wake and 
Deban, 2000). Furthermore, the presence of distinct RC muscles throughout the length of the 
body resembles the musculature of plethodontid salamanders with high tongue-projection 
performance (Anderson et al., 2014; Deban et al., 2007; Deban and Scales, 2016; Lombard and 
Wake, 1977; Scales et al., 2016).   
In Chioglossa and Salamandra, the hyobranchial apparatus is lighter and less mineralized 
compared to semi-aquatic and aquatic species (Table 3.1, Figure 3.1). As the tongue is projected, 
the SAR muscles contract, folding and bending the hyobranchial apparatus medially as it moves 
rostrally out of the mouth (Wake and Deban, 2000). Cartilaginous elements allow for greater 
flexibility, and enable medial folding of the tongue skeleton during this rostral movement. 
Similar hyobranchial apparatus morphology is seen in plethodontid salamanders, which have 
specialized and relatively elaborated tongue projection (Lombard and Wake, 1977). While both 
of these species have less mineralization compared to other newts, Salamandra is the only 
species in this study to have a fully cartilaginous hyobranchial apparatus (Table 3.1, Figure 3.1). 
In Chioglossa the hyobranchial apparatus is primarily cartilage, except for the BB which is 
mineralized. Mineralization may lower flexion in the BB as the radials are flipped during tongue 
projection and when the RC muscles, which insert at the anterior tip of the element, contract 
during tongue retraction.  
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The feeding musculature and hyobranchial apparatus morphology of the semi-aquatic 
newts, Pleurodeles, Notophthalmus, Triturus, and Cynops, is intermediate between the 
morphology of terrestrial salamandrids and Paramesotriton (Table 3.1, Figure 3.1). The tongue 
pad is distinguished from the buccal mucosa and protrudes forward, however, not at lengths 
comparable to those of Chioglossa and Salamandra (Özeti and Wake, 1969; Regal, 1966). The 
tongue pad is reduced in semi-aquatic species and the ratio of tongue-to-SAR muscle mass is 
lower than in the terrestrial species (Table 3.1). Though the SAR muscles are relatively more 
massive in semi-aquatic newts than in terrestrial salamandrids, tongue projection is restricted by 
greater attachments to the oropharynx and mandible. Additionally, the tongue skeletons are more 
mineralized, however, not as mineralized as that of Paramesotriton (Table 3.1, Figure 3.1). 
Greater mineralization adds weight to the projectile unit and reduces flexibility of the 
hyobranchial apparatus, hindering medial folding and forward movement of the tongue during 
feeding.  
In Paramesotriton the tongue pad is not well differentiated from the buccal mucosa and 
the tongue is unable to leave the mouth (Table 3.1). Similar tongue morphology has been 
described in hynobiids, ambystomatids, other salamandrids, and larval plethodontids, suggesting 
trends away from specialized terrestrial feeding in semi-aquatic and aquatic salamanders (Deban 
and Wake, 2000; Özeti and Wake, 1969; Regal, 1966). During terrestrial feeding, rather than 
projecting outward, the tongue tended to move ventrally, expanding the oropharyngeal cavity. 
This expansion is powered by the RC muscles, which are more massive and have a greater CSA 
in Paramesotriton (Table 3.1). Greater CSA of the RC muscles allows for greater force 
generation to power hyobranchial depression (Powell et al., 1984). Paramesotriton also have 
heavier and more mineralized hyobranchial apparatus compared to all other salamandrids, not 
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only increasing the weight of the apparatus, but also reducing the flexibility of the structure 
(Table 3.1, Figure 3.1). While these morphological modifications constrain tongue projection, 
they are well suited for suction feeding. Furthermore, Paramesotriton have enlarged labial lobes 
and a tapered snout which also enhance suction feeding performance (Deban and Wake, 2000; 
Elwood and Cundall, 1994; Motta et al., 2002; Stinson and Deban, in review; Van Wassenbergh 
and Heiss, 2016; Wilga and Motta, 1998).  
 
Feeding Kinematics and Performance 
Feeding kinematics differ across terrestrial, semi-aquatic, and aquatic salamander species. 
Maximum gape distance was greater and gape cycle was shorter in Chioglossa and 
Paramesotriton. Furthermore, mouth opening velocity and acceleration were higher in both of 
these species, as well as Salamandra (Table 3.2, Figure 3.3). Previous research on terrestrial 
feeding in Salamandra and Salamandrina terdigitata found that gape angle is also higher earlier 
in feeding compared to semi-aquatic species (Miller and Larsen, 1990). Although these species 
have similar gape kinematics, their feeding modes differ. Chioglossa, Salamandra, and 
Salamandrina rely on tongue projection to feed in a terrestrially, while Paramesotriton is unable 
to project its tongue, and instead uses jaw prehension (Figure 3.2) (Miller and Larsen, 1990).  
The rapid movements used during jaw prehension are similar to those used by Paramesotriton 
during aquatic prey capture and by semi-aquatic newts feeding terrestrially during their aquatic 
reproductive phase (Heiss et al., 2013; Heiss et al., 2015; Miller and Larsen, 1989; Stinson and 
Deban, in review). 
Maximum hyobranchial depression distance and velocity were greatest in Paramesotriton 
when feeding terrestrially (Table 3.2, Figures 3.2 and 3.4). These results are similar to those seen 
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in P. labiatus, P. hongkongensis, and Pachytriton brevipes when feeding in aquatic environments 
(Miller and Larsen, 1989; Stinson and Deban, in review). Greater hyobranchial depression 
velocity enables the generation of faster flow during suction feeding; however, because air is less 
dense and viscous than water, suction feeding cannot be performed during terrestrial feeding 
(Carroll et al., 2004; Deban and Wake, 2000; Stinson and Deban, in review; Svanbäck et al., 
2002). Greater mouth opening and hyobranchial depression velocity and acceleration during 
terrestrial feeding suggest that Paramesotriton is attempting to suction feed on land.  
Hyobranchial depression in terrestrial and semi-aquatic salamandrids was minimal and 
was associated with tongue retraction (Table 3.2).  In tongue projection the oropharyngeal region 
does not expand; however, during the latter part of the feeding sequences the hyobranchial 
apparatus is involved in prey processing and slightly expands the oropharyngeal cavity. The 
measured hyobranchial depression in terrestrial and semi-aquatic species was, therefore, caused 
by retraction of the hyobranchial apparatus and subsequent prey processing (Deban and Wake, 
2000; Gillis and Lauder, 1994).  
Maximum tongue-projection velocity, acceleration, and muscle-mass-specific power 
were higher in Chioglossa and Salamandra compared to semi-aquatic and aquatic newts. 
Maximum tongue retraction velocity and muscle-mass-specific power were also higher in these 
two species, and maximum tongue retraction acceleration was greatest in Chioglossa (Table 3.2, 
Figure 3.5A-C). These values are similar to those measured in ballistic-tongued plethodontid 
salamanders. Plethodontids exhibit projection velocity from 1.12 to 3.32 m s-1and acceleration 
ranging from 779 m s-2 up to 1750 m s-2 (Anderson et al., 2014; Deban and Richardson, 2011; 
Scales et al., 2016). Tongue-projection acceleration in Chioglossa was also similar to those 
68 
 
measured during ballistic tongue projection in frogs and chameleons of 449 and 357 m s-2, 
respectively (Anderson and Deban, 2010; Sandusky and Deban, 2012).  
 
Functional Trade-offs in Salamander Feeding 
Feeding morphology and performance (i.e., tongue-projection distance, velocity, 
acceleration, and power) are specialized for terrestrial feeding in Chioglossa and Salamandra, 
whereas Paramesotriton is specialized for aquatic-feeding (Stinson and Deban, in review). The 
tongue-projection performance of semi-aquatic species Pleurodeles, Notophthalmus, Triturus, 
and Cynops, however, consistently fall between these two extremes. These differences, as well as 
those measured in aquatically feeding salamandrids, indicate that functional trade-offs occur in 
species that feed across environments (Miller and Larsen, 1989; Miller and Larsen, 1990; 
Stinson and Deban, in review).  To facilitate feeding in multiple environments, the musculature 
and hyobranchial apparatus morphology must be suited for both suction feeding and tongue 
prehension. These feeding behaviors require opposing functions of the hyobranchial apparatus 
and place limitations on semi-aquatic species, resulting in overall lower feeding performance 
across aquatic and terrestrial environments (Table 3.2, Figure 3.5) (Stinson and Deban, in 
review). 
Potential trade-offs in feeding performance are seen in the seasonal changes of semi-
aquatic newts, with kinematics and morphology differing in Lissotriton vulgaris and 
Ichthyosaura alpestris during the breeding seasons. These semi-aquatic species have 
morphological plasticity and can develop structures, such as labial lobes, during their aquatic 
phase to occlude the lateral gape and generate greater flow velocity during suction feeding (Heiss 
et al., 2013; Heiss et al., 2015; Van Wassenbergh and Heiss, 2016). Additionally, semi-aquatic 
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species can alter the surface of their tongue pad and mucous secretions in the mouth during 
seasonal breeding phases, developing slender lingual papillae and complex adhesive systems 
during the terrestrial phase to aid in tongue prehension (Heiss et al., 2017). Gape, hyobranchial, 
and tongue movements vary between aquatic and terrestrial feeding events in terrestrial, semi-
aquatic, and aquatic salamandrids as well, further suggesting that while semi-aquatic and aquatic 
salamanders are able to feed in different environments, their kinematics and consequently their 
performance are less extreme compared to species that are obligate feeders in one environment 
(Heiss and De Vylder, 2016; Miller and Larsen, 1990; Stinson and Deban, in review).  
 
Convergence of High-powered Feeding Mechanisms 
Specializations were found in both of the terrestrial species investigated, but tongue-
projection and retraction performance was consistently higher in Chioglossa than in Salamandra. 
Maximum muscle-mass-specific power of tongue projection in Chioglossa averaged over 2200 
W kg-1, exceeding the power which muscle alone is able to produce of 371 W kg-1 (Lutz and 
Rome, 1994) (Table 3.2, Figure 3.5C). The plethodontid salamanders Bolitoglossa, Eurycea, 
Hydromantes, and Ensatina are also capable of high muscle-mass-specific tongue-projection 
power ranging from 560 to 18000 W kg-1. This high-powered, ballistic tongue projection is 
achieved through an elastic-recoil mechanism, in which energy is stored within the collagen 
aponeuroses of SAR muscles (Anderson et al., 2014; Deban et al., 2007; Deban and Richardson, 
2011; Deban and Scales, 2016; Scales et al., 2016). Elastic recoil is also seen in the high-
powered tongue projection of chameleons, which achieve over 1800 W kg-1 at similar 
experimental temperatures (Anderson and Deban, 2010).  
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High-powered projection indicates that morphological differences between Chioglossa 
and Salamandra enable elastic recoil in Chioglossa. The occurrence of high-powered tongue 
projection in the Family Salamandridae represents a novel, independent evolution of elastically 
powered feeding and convergence on a specialized feeding mechanism previously known only in 
plethodontid salamanders. To better understand the tongue-projection mechanism in Chioglossa, 
further examination is needed. By examining tongue projection across a range of temperatures, 
the thermal robustness of this high-powered system could be tested. Thermal robustness of 
performance has been observed in plethodontids with elastic tongue projection (Anderson et al., 
2014; Deban and Richardson, 2011; Deban and Scales, 2016; Scales et al., 2016).  
 
Conclusions 
Differences in morphology are associated with differences in feeding kinematics, and 
ultimately with differences in performance. Variations in tongue-projection velocity, 
acceleration, and power across salamandrid salamanders are associated with functional 
differences in the hyobranchial apparatus during feeding events. Specifically, morphological 
specializations that increase tongue-projection performance, such as flexible, cartilaginous 
hyobranchial apparatus and well-developed tongue pads, occur in the terrestrial salamandrids 
Salamandra and Chioglossa. Tongue projection was greatest in Chioglossa, and greater in 
Salamandra than in the semi-aquatic and aquatic newts examined. Tongue-projection 
performance was lowest in Paramesotriton, which has morphological specializations such as 
heavy mineralization of the hyobranchial apparatus and a small tongue pad that are better suited 
for aquatic suction feeding. Semi-aquatic salamandrids have lower tongue-projection capabilities 
than terrestrially feeding specialists, and can be viewed as performance generalists that feed in 
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different environments. Feeding performance in a given environment is constrained by the 
competing functions of the hyobranchial apparatus during tongue projection and suction feeding. 
Further studying these systems would improve our understanding of how feeding patterns 
evolved within the Family Salamandridae, as well as provide insight to how integrated systems 
meet the challenges of transitioning between different environments and functional demands.  
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Figures 
 
 
 
Figure 3.1. Representative images of the cleared and stained hyobranchial apparatus of 
Chioglossa lusitanica, Salamandra salamandra, Pleurodeles waltl, Notophthalmus viridescens, 
Triturus dobrogicus, Cynops cyanurus, and Paramesotriton labiatus. Cartilage appear blue, 
while mineralization appears red. The hyobranchial apparatus of Notophthalmus indicate the 
relative structures of the apparatus and include the basibranchial (BB), ceratobranchial I (CB I), 
ceratobranchial II (CB II), epibranchial (EB), and the ceratohyals (CH). 
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Figure 3.2. Representative feeding sequences showing maximum tongue projection. Images 
show timing and maximum projection for Chioglossa, Salamandra, Notophthalmus, and 
Paramesotriton, from left to right. Scale bars beneath the first image of each column are 1 cm. 
Prey items in images are termites, crickets, fruit flies, and earthworms. It is notable that in 
Paramesotriton the tongue does not project, therefore maximum gape is shown for this species. 
The earthworm (prey item) captured in this feeding sequence is highlighted in red on the second 
frame of the sequence. 
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Figure 3.3. Bar plots showing mouth opening (A) velocity and (B) acceleration for the seven 
experimental species (Chioglossa, Salamandra, Pleurodeles, Notophthalmus, Triturus, Cynops, 
and Paramesotriton). Individual bars depict average (mean) kinematics for each species with 
standard error. Shared letters over the bars indicate that means are not significantly different. 
Snout-vent length was accounted for during ANOVA analyses for statistical differences between 
taxa. 
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Figure 3.4. Bar plots depicting the average (mean) hyobranchial depression (A) velocity and (B) 
acceleration for Chioglossa, Salamandra, Pleurodeles, Notophthalmus, Triturus, Cynops, and 
Paramesotriton. Indications as in Figure 3.3. 
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Figure 3.5. Bar plots of tongue projection and retraction kinematics and dynamics. Graphs show 
average (mean) (A) velocity, (B) acceleration, and (C) mass-specific power for tongue 
projection, and (D) mass-specific tongue retraction power for each of the seven experimental 
species (Chioglossa, Salamandra, Pleurodeles, Notophthalmus, Triturus, Cynops, and 
Paramesotriton). Note that the y-axis is broken in all graphs to better show the difference in the 
kinematics and dynamics of Chioglossa. Indications as in Figure 3.3. 
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Tables 
 
Table 3.1. Morphological measurements across salamander species and tests for species differences. 
 
 
 
Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N F-value p-value
Snout-vent length 
(mm)
47.4 1.7 3 100.4 3.7 3 73.4 2.3 3 46.1 0.9 3 73.0 3.2 3 57.7 1.4 3 74.2 1.9 3 65.12 <0.0001*
Head width (mm) 4.60 0.33 3 15.80 0.98 3 11.18 0.59 3 5.97 0.11 3 7.47 0.42 3 8.36 0.28 3 8.50 0.56 3 11.28 0.0002*
Tongue extension 
length (mm)
3.46 0.30 3 6.35 0.90 3 3.13 0.040 3 2.46 0.24 3 2.04 0.16 3 1.69 0.17 3 0.00 0.000 3 31.91 <0.0001*
Mandible curvature 3.08 0.24 3 2.20 0.01 3 2.41 0.08 3 3.14 0.17 3 2.28 0.17 3 2.84 0.28 3 3.23 0.13 3 3.51 0.0274*
Subarcualis rectus 
mass (g)
0.0040 5.8E-04 3 0.0270 0.0038 3 0.0230 0.0015 3 0.0047 8.8E-04 3 0.0087 3.3E-04 3 0.0120 0.0020 3 0.0840 0.0090 3 32.95 <0.0001*
Tongue skeleton 
mass (g)
0.0050 5.8E-04 3 0.0320 0.0075 3 0.0220 0.0021 3 0.0037 6.7E-04 3 0.0130 8.8E-04 3 0.0130 0.0015 3 0.0340 0.0020 3 14.78 <0.0001*
Anterior rectus 
cervicis mass (g)
0.0027 3.3E-04 3 0.0420 0.016 3 0.0120 0.0038 3 0.0023 3.3E-04 3 0.0100 0.0023 3 0.0090 0.0000 3 0.0440 0.0044 3 6.58 0.0023*
Rectus cervicis 
cross-sectional 
area (cm 2)
0.0038 5.4E-04 3 0.0180 0.0010 3 0.0110 2.8E-04 3 0.0034 5.6E-04 3 0.0120 0.0026 3 0.0110 2.8E-04 3 0.0370 0.0038 3 20.91 <0.0001*
Tongue pad mass 
(g)
0.0050 0.000 3 0.0720 0.0087 3 0.0087 0.0018 3 0.0027 8.8E-04 3 0.0070 5.8E-04 3 0.0057 3.3E-04 3 0.0037 6.7E-04 3 25.15 <0.0001*
Tongue to SAR 
mass ratio
3.32 0.27 3 5.35 0.45 3 1.94 0.18 3 1.99 0.35 3 3.54 0.07 3 2.56 0.560 3 1.00 0.10 3 13.10 <0.0001*
Mineralization 
basibranchial (%)
77 3 3 0 0 3 0 0 3 45 8 3 55 9 3 68 3 3 70 7 3 25.98 <0.0001*
Mineralization 
ceratobranchial I 
(%)
0 0 3 0 0 3 75 3 3 79 2 3 83 2 3 86 0 3 85 1 3 548.30 <0.0001*
Mineralization 
ceratobranchial II 
(%)
0 0 3 0 0 3 0 0 3 9 9 3 39 20 3 70 5 3 70 2 3 17.34 <0.0001*
SpeciesPleurodeles Notophthalmus Triturus Cynops ParamesotritonSalamandraChioglossa
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Table 3.1 (Continued) 
 
 
 
*Significant effect at alpha of 0.05 after adjusting for false discovery rate.  Significant species differences corrected for snout-vent 
length. 
 
 
 
 
 
Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N F-value p-value
Mineralization 
ceratobranchial I + II 
complex (%)
0 0 3 0 0 3 50 2 3 62 4 3 71 6 3 81 1 3 81 2 3 160.05 <0.0001*
Mineralization 
epibranchial (%)
0 0 3 0 0 3 69 4 3 79 2 3 79 1 3 87 0 3 86 2 3 364.20 <0.0001*
Mineralization 
ceratohyal (%)
0 0 3 0 0 3 28 3 3 41 3 3 43 3 3 40 1 3 54 3 3 118.30 <0.0001*
Mineralization 
tongue skeleton 
(%)
1 0 3 0 0 3 41 3 3 51 1 3 59 4 3 59 1 3 69 1 3 289.05 <0.0001*
Robustness index 0.690 0.060 3 0.450 0.014 3 0.550 0.092 3 0.740 0.015 3 0.510 0.075 3 0.671 0.086 3 0.780 0.086 3 1.640 0.2128
Aspect ratio 
basibranchial
17.5 1.7 3 4.1 0.3 3 3.2 0.4 3 8.1 0.5 3 5.2 0.6 3 6.5 0.5 3 7.6 0.1 3 19.37 <0.0001*
Aspect ratio 
ceratobranchial I
7.3 0.8 3 8.0 0.7 3 7.6 0.8 3 6.4 0.9 3 5.3 0.9 3 8.5 0.6 3 5.5 0.5 3 2.78 0.0580
Aspect ratio 
ceratobranchial II
14.6 4.1 3 17.6 0.3 3 12.5 1.0 3 15.3 0.5 3 14.9 1.9 3 20.1 0.8 3 14.8 0.7 3 1.74 0.1890
Aspect ratio 
ceratobranchial I + II 
complex
2.2 0.03 3 3.3 0.1 3 2.4 0.1 3 1.9 0.03 3 2.3 0.2 3 2.3 0.1 3 1.6 0.2 3 17.44 <0.0001*
Aspect ratio 
epibranchial
12.5 1.4 3 5.0 0.5 3 10.7 0.5 3 11.7 1.9 3 8.3 0.6 3 11.6 0.6 3 5.2 0.5 3 2.57 0.0723
Aspect ratio 
ceratohyal
5.1 0.8 3 5.4 0.4 3 6.0 0.5 3 7.0 0.1 3 7.6 0.1 3 6.1 0.5 3 5.3 0.1 3 4.10 0.0158*
SpeciesPleurodeles Notophthalmus Triturus Cynops ParamesotritonSalamandraChioglossa
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Table 3.2. Terrestrial feeding kinematics and inverse dynamics across salamander species and tests for species differences. 
 
 
Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N F-value p-value
Gape distance 
(mm)
3.49 0.12 6 13.13 0.31 5 6.90 0.78 5 4.32 0.11 5 5.61 0.16 5 4.02 0.52 5 7.94 0.28 5 8.27 <0.0001*
Hyobranchial 
depression 
(mm)
0.29 4.59E-05 6 1.99 0.24 5 1.25 0.19 5 1.32 9.98E-05 5 0.89 9.79E-05 5 1.15 0.18 5 3.76 2.37E-04 5 39.95 <0.0001*
Tongue 
projection (mm)
7.22 0.30 6 8.69 0.23 5 3.06 0.00 5 2.75 7.48E-05 5 2.23 8.32E-05 5 1.12 2.04E-04 5 0.00 0.00 5 259.42 <0.0001*
Mouth opening 
duration (s)
0.035 0.0024 6 0.105 0.0064 5 0.122 0.0056 5 0.181 0.0075 5 0.108 0.0075 5 0.105 0.013 5 0.049 0.0057 5 67.10 <0.0001*
Mouth closing 
duration (s)
0.077 0.0066 6 0.164 0.012 5 0.183 0.0057 5 0.281 0.010 5 0.164 0.010 5 0.168 0.016 5 0.115 0.0062 5 78.77 <0.0001*
Gape cycle (s) 0.112 0.0081 6 0.269 0.018 5 0.305 0.011 5 0.462 0.016 5 0.272 0.017 5 0.273 0.028 5 0.164 0.011 5 84.59 <0.0001*
Maximum 
hyobranchial 
depression 
duration (s)
0.020 0.0047 6 0.112 0.0075 5 0.104 0.015 5 0.235 0.012 5 0.072 0.012 5 0.087 0.017 5 0.070 0.0067 5 40.30 <0.0001*
Maximum 
tongue 
projection 
duration (s)
0.020 5.93E-04 6 0.072 0.0053 5 0.092 0.0064 5 0.118 0.0054 5 0.090 0.0069 5 0.062 0.014 5 0.000 0.000 5 62.24 <0.0001*
Maximum mouth 
opening velocity 
(m s -1)
0.197 0.011 6 0.292 0.013 5 0.128 0.014 5 0.096 0.0051 5 0.140 0.0088 5 0.139 0.026 5 0.302 0.021 5 21.37 <0.0001*
Maximum mouth 
opening 
acceleration (m 
s -2)
34.17 5.19 6 15.63 2.61 5 5.80 0.97 5 1.52 0.16 5 9.66 1.57 5 16.27 6.35 5 50.89 7.74 5 40.15 <0.0001*
Maximum 
hyobranchial 
depression 
velocity (m s -1)
0.086 0.011 6 0.098 0.013 5 0.067 0.0093 5 0.022 0.0018 5 0.120 0.047 5 0.061 0.012 5 0.189 0.015 5 12.33 <0.0001*
Maximum 
hyobranchial 
depression 
acceleration (m 
s -2)
30.98 8.06 6 6.76 1.89 5 6.55 1.41 5 0.85 0.37 5 98.77 84.42 5 8.07 2.94 5 21.93 3.71 5 20.60 <0.0001*
SpeciesPleurodeles Notophthalmus Triturus Cynops ParamesotritonSalamandraChioglossa
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Table 3.2 (Continued) 
 
 
 
*Significant effect at alpha of 0.05 after adjusting for false discovery rate.  Significant species differences corrected for snout-vent 
length. 
 
 
 
Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N Mean SEM N F-value p-value
Maximum 
tongue 
projection 
velocity (m s -1)
1.860 0.081 6 0.193 0.0069 5 0.089 0.0094 5 0.049 0.0026 5 0.062 0.0050 5 0.040 0.0091 5 0.000 0.000 5 317.48 <0.0001*
Maximum 
tongue 
projection 
acceleration (m 
s -2)
533.27 35.92 6 11.73 0.77 5 10.80 2.32 5 1.96 0.23 5 5.05 0.69 5 3.63 1.06 5 0.00 0.00 5 214.98 <0.0001*
Maximum mass- 
specific tongue 
projection 
power (W kg-1)
2244.17 209.61 6 6.33 0.69 5 0.92 0.33 5 0.16 0.03 5 0.86 0.19 5 0.67 0.30 5 0.00 0.00 5 265.52 <0.0001*
Maximum 
tongue 
retraction 
velocity (m s -1)
0.078 0.015 6 0.056 0.0069 5 0.035 0.010 5 0.011 0.0020 5 0.028 0.0056 5 0.012 0.0030 5 0.000 0.000 5 6.17 <0.0001*
Maximum 
tongue 
retraction 
acceleration (m 
s -2)
52.92 7.21 6 21.77 2.32 5 8.51 1.68 5 2.14 0.28 5 7.17 1.46 5 2.49 0.76 5 0.00 0.00 5 50.64 <0.0001*
Maximum mass- 
specific tongue 
retraction power 
(W kg-1)
38.10 5.19 6 3.12 0.54 5 0.69 0.35 5 0.05 0.011 5 0.53 0.21 5 0.05 0.018 5 0.00 0.00 5 74.38 <0.0001*
SpeciesPleurodeles Notophthalmus Triturus Cynops ParamesotritonSalamandraChioglossa
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CHAPTER FOUR:  
FUNCTIONAL TRADE-OFFS IN FEEDING PERFORMANCE IN SALAMANDERS OF 
THE FAMILY SALAMANDRIDAE 
 
Abstract 
Salamanders of the Family Salamandridae are ecologically diverse, feeding across 
aquatic and terrestrial environments, and employ different behaviors depending on the 
environment. When feeding on land, tongue projection is most often used, but in water, 
salamanders commonly rely on suction feeding to capture prey. Using phylogenetic comparative 
methods, I assessed the relationships between feeding morphology, kinematics, and performance, 
and the ecology and feeding behavior of salamandrids. I also examined the co-evolution of 
feeding morphology and performance within the Family Salamandridae. Behavior appears to co-
evolve with feeding musculature, velocity of feeding movements, and fluid velocity produced 
during aquatic feeding, while the evolution of hyobranchial apparatus skeletal morphology is 
more closely linked to ecology. Flow velocity produced during aquatic feeding was related to the 
cross-sectional area of the rectus cervicis muscles, which rapidly depress the hyobranchial 
apparatus during suction feeding. Salamandrids with greater cross-sectional area of these 
depressor muscles generate faster flow velocity in aquatic feeding. Additionally, the shared 
ancestral history of salamandrids was important in determining the evolutionary relationships of 
these traits. These findings indicate that both behavior and ecology are important for 
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understanding the evolution of morphology and feeding performance across Family 
Salamandridae.  
 
Introduction 
 Studying form and function provides insight to organismal performance, and betters our 
understanding on how behaviors evolve (Arnold, 1983; Garland and Losos, 1994). The 
relationship between morphology and performance has been widely studied in fishes (Brandl et 
al., 2015; Carroll et al., 2004; Chapman et al., 2015; Collar and Wainwright, 2006; Dean et al., 
2007; Ferry-Graham et al., 2002; Higham, 2007; Holzman et al., 2012; Wainwright et al., 2007; 
Westneat, 1995; Wilga et al., 2007) and squamates (Arnold, 1983; Bonine and Garland, 1999; 
Goodman et al., 2008; Herrel et al., 2002; Irschick, 2002; Irschick and Losos, 1999; McElroy 
and Reilly, 2009; Scales et al., 2009; Schwenk, 1989; Segall et al., 2016); however, relatively 
few studies have examined the co-evolution of morphology and performance in salamanders 
(Blankers et al., 2012; Larsen et al., 1996; Lombard and Wake, 1977; O'Reilly et al., 2002; Özeti 
and Wake, 1969; Xiong et al., 2013). In this study I investigate the relationships of feeding 
morphology and performance, in a phylogenetic context, within salamandrid salamanders.  
 Salamanders are ecologically diverse, and within a species, individuals often perform 
vital behaviors in different environments throughout their lifetime. Feeding is one example of 
these behaviors and is closely related to organismal fitness. In aquatic environments salamanders 
typically rely on suction feeding, while tongue prehension is most often used to capture prey in 
terrestrial environments (Deban and Wake, 2000; Wake and Deban, 2000). In both suction 
feeding and tongue prehension, feeding is accomplished largely by the contraction of rectus 
cervicis (RC) and subarcualis rectus (SAR) muscles, which act to depress and project the 
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hyobranchial apparatus, respectively (Deban, 2003; Deban and Wake, 2000; Lombard and Wake, 
1977; Özeti and Wake, 1969; Wake and Deban, 2000). These behaviors are correlated with 
microhabitat, with aquatic salamanders typically performing suction feeding, terrestrial 
salamanders relying on tongue projection to feed on land, and semi-aquatic species performing 
both behaviors depending on the environment in which feeding occurs (Deban and Marks, 2002; 
Deban and Wake, 2000; Denoël, 2004; Heiss et al., 2013, 2015; Miller and Larsen, 1989, 1990; 
Stinson and Deban, in review A, B; Wake and Deban, 2000). 
 Morphology and performance are highly correlated in salamanders that exclusively use 
tongue projection or suction feeding. Species with gracile, cartilaginous hyobranchial elements 
can project their tongues with greater velocity, acceleration, and power than salamanders with 
more mineralized hyobranchial apparatus (Deban et al., 2007; Deban and Scales, 2016; Larsen et 
al., 1996; Miller and Larsen, 1990; Scales et al., 2016; Stinson and Deban, in review B). In some 
plethodontids and salamandrids, tongue-projection performance is enhanced through elastic 
mechanisms, allowing for extreme, specialized terrestrial prey capture (Anderson et al., 2014; 
Deban et al., 2007; Deban and Richardson, 2011; Deban and Scales, 2016; Scales et al., 2016; 
Stinson and Deban, in review B). Modifications also occur in the morphology of aquatic feeding 
specialists, including robust, mineralized hyobranchial apparatus, reduced tongues, and labial 
lobes around the margins of the mouth (Lauder and Shaffer, 1985; Özeti and Wake, 1969; Regal, 
1966; Stinson and Deban, in review A; Van Wassenbergh and Heiss, 2016). These morphological 
specializations permit greater hyobranchial depression velocity and acceleration, and generate 
greater fluid velocity during suction feeding than in semi-aquatic salamandrids (Miller and 
Larsen, 1989; Stinson and Deban, in review A; Van Wassenbergh and Heiss, 2016). 
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 Morphological modifications in semi-aquatic species permit feeding in both aquatic and 
terrestrial environments, but result in functional trade-offs and lower feeding performance 
compared to species that only feed in one environment (Stinson and Deban, in review A, B). 
While semi-aquatic salamandrids have hyobranchial apparatus that are more mineralized than 
terrestrial species, these elements are less robust than those of aquatic specialists. These 
morphological differences yield lower hyobranchial depression velocity and acceleration in 
semi-aquatic newts, and flow velocity generated during suction feeding are half those of suction-
feeding specialists (Stinson and Deban, in review A; Van Wassenbergh and Heiss, 2016). Semi-
aquatic newts also have tongues that are morphologically distinct from the buccal mucosa, but 
their tongue pads are reduced in size compared to terrestrial specialists (Özeti and Wake, 1969; 
Regal, 1966; Stinson and Deban, in review A, B). Differences in tongue morphology and 
hyobranchial apparatus mineralization result in tongue projection velocity, acceleration, and 
power that are much lower in semi-aquatic and aquatic newts than those of terrestrial specialists 
(Miller and Larsen, 1990; Stinson and Deban, in review B). Performance trade-offs are seen 
within these semi-aquatic species as well; newts feeding on land during their aquatic breeding 
phase are unable to project their tongues and must capture prey via jaw prehension (Heiss et al., 
2013, 2015). 
 Here I investigate the evolutionary relationships between behavior (i.e., suction feeding, 
tongue projection, or both) and ecology, and the feeding morphology, kinematics, and 
performance of salamanders in the Family Salamandridae. Additionally, I investigate the 
correlation of feeding morphology and performance, and assess the importance of behavior on 
their correlated evolution. Salamandrids are ideal for studying these relationships because they 
exhibit ecological and morphological diversity, and can perform a range of feeding behaviors 
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across environments. I predict that behavior will most often co-evolve with feeding morphology 
and performance because feeding behavior distinguishes semi-aquatic species from terrestrial 
and aquatic specialists, allowing trade-offs in feeding to be better detected. I also predict that 
morphology and performance would be tightly correlated across salamandrids. 
 
Materials and Methods 
Morphological, kinematic, and performance data were obtained from the literature for 14 
species in the Family Salamandridae (Table 4.1). Morphological measurements included snout-
vent length (SVL), cross-sectional area (CSA) of the rectus cervicis (RC) muscles, mass of the 
subarcualis rectus (SAR) muscles, and percent mineralization of the hyobranchial apparatus 
(AmphibiaWeb, www. http://amphibiaweb.org/; Heiss et al., 2013, 2015; Heiss and De Vylder, 
2016; Stinson and Deban, in review A, B). Feeding kinematics included maximum velocity of 
mouth opening, as well as distance, duration, and velocity of hyobranchial depression and tongue 
projection distance (Findeis and Bemis, 1990; Heiss et al., 2013, 2015; Heiss and De Vylder, 
2016; Miller and Larsen, 1989, 1990; Stinson and Deban, in review A, B). For variables that are 
measured in both environments (i.e., for semi-aquatic newts), kinematics were only analyzed 
from the behavior that gave the highest values. Performance was quantified as maximum flow 
velocity generated during suction feeding and maximum tongue projection duration and velocity, 
averaged across individuals of a species (Stinson and Deban, in review A, B; Van Wassenbergh 
and Heiss, 2016). Each species was classified by their feeding “ecology” and “behavior”. 
“Ecology” is defined operationally here as the environments in which feeding occurs, i.e., 
feeding only in terrestrial environments, aquatic environments or both. “Behavior” is defined as 
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the feeding mode used to capture prey, i.e., suction feeding, tongue projection, or both. (Table 
4.1). 
To examine phylogenetic patterns of feeding morphology, kinematics, and performance, 
a series of regression models were constructed using the caper package in R (R statistical 
software, 2017, www.r-project.org). Models were constructed using phylogenetic generalized 
least-squares (PGLS) regression to examine how ecology and behavior separately explain the 
morphological, kinematic, and performance variables. In instances where values for a given 
morphological, kinematic, or performance variable could not be obtained, or a zero value was 
recorded (e.g., Paramesotriton is unable to use tongue projection), that species was subsequently 
dropped from the model. A model including the interaction of ecology and behavior could not be 
constructed because not all combinations exist among the taxa tested. To account for differences 
in size across species, SVL was included as a covariate in each of PGLS models.  
Additional PGLS models were constructed to test if morphology predicts feeding 
performance. These models examined whether either suction-feeding or tongue-projection 
performance was explained by any of the following continuous morphological variables: CSA of 
RC muscles, SAR muscle mass, and percent mineralization of the hyobranchial apparatus. To 
account for the potential interplay of morphology and behavior, separate models tested the 
interaction of these two parameters. 
To account for the shared evolutionary history between species, each of the previously 
mentioned models was constructed using one of three phylogenetic hypotheses for Family 
Salamandridae (Felsenstein, 1985; Garland et al., 2005). The first two phylogenetic hypotheses 
are the two most recent phylogenies for the family (Pyron and Weins, 2011; Zhang et al., 2008). 
The Zhang et al. (2008) phylogenetic tree was trimmed using MESQUITE software (version 
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3.04), while the phylogeny presented by Pyron and Weins (2011) was trimmed manually in R, to 
include only taxa for which morphology, kinematic, or performance data could be obtained. For 
both phylogenies, ultrametric relationships between taxa were established using the ape package 
in R. The third evolutionary hypothesis assumed a star phylogeny (e.g., no phylogenetic signal); 
analyses using this tree were equivalent to using a standard ANOVA without phylogenetic 
correction. 
The best-fit model was chosen by comparing the Akaike information criterion with 
correction for small sample size (AICc). Analyses were conducted in R using the caper package 
for models constructed with either the Zhang et al. (2008) or Pyron and Weins (2011) phylogeny. 
When a star phylogeny was assumed, AICc values were calculated using the AICcmodavg 
package in R. Once the models were ranked, the change in AICc values, as well as the evidence 
ratio, were calculated. Evidence ratios assess the relative strength of each model; for example, a 
model with an evidence ratio of five is one-fifth as good a fit as the highest ranked, or best, 
model (Wagenmakers and Farrell, 2004). R-squared values were also calculated to determine 
how much variation in the dependent variable was explained by each of the independent 
variables. Statistical significance was tested for in each of the best models for a given 
morphological, kinematic, or performance variable and post-hoc analyses were conducted to 
examine differences across behaviors and ecology. Significance levels were corrected for 
multiple comparisons to control for false discovery rate (Benjamini and Hochberg, 1995). 
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Results 
Morphology 
 Models which included behavior and the phylogenetic hypothesis proposed by Zhang et 
al. (2008) best predicted the feeding-muscle morphology of salamandrids (Figures 4.1 and 4.2). 
These models were better predictors of CSA of the RC muscles and SAR muscle mass than those 
which included behavior and the Pyron and Weins (2011) phylogeny by 1.09 and 1.11 times, 
respectively. Behavior explained 92% of the variation in CSA of RC muscles and 94% of the 
variation in SAR muscle mass (Table 4.2). Salamandrids that only performed suction feeding 
have greater CSA of the RC muscles than species which perform both suction feeding and 
tongue projection (p=0.0107). Mass of the SAR muscles was also greater in suction feeding 
species when compared to salamandrids that only use tongue projection (p=0.0090) and those 
which perform both behaviors (p=0.0042) (Table 4.1, Figure 4.2). 
 Ecology was the best predictor for the evolution of hyobranchial apparatus morphology 
in salamandrids (Table 4.2, Figure 4.3). The model that included the phylogenetic tree proposed 
by Zhang et al. (2008) was 1.11 times a better fit than the model including the phylogenetic 
hypothesis of Pyron and Weins (2011) (Table 4.2, Figure 4.1). Salamandrids that feed in both 
aquatic and terrestrial environments have more mineralized hyobranchial apparatus than those 
that feed only terrestrially (p=0.0089) (Table 4.1, Figure 4.3). Ecology accounted for 78% of the 
variation in total hyobranchial apparatus mineralization (Table 4.2).  
 
Feeding Kinematics 
Neither ecology nor behavior best predicted the evolution of kinematics variables 
examined in this study. Similarly, no single phylogenetic hypothesis was consistently the best fit. 
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Models including either the Zhang et al. (2008) or Pyron and Weins (2011) phylogenetic 
hypotheses were, however, always a better fit than the model that included no phylogenetic 
relatedness. None of the best-fit models significantly predicted maximum tongue projection 
length or maximum hyobranchial depression distance or duration (Tables 4.3 and 4.4).  
Models which included behavior best predicted maximum mouth opening velocity and 
maximum hyobranchial depression velocity (Table 4.4, Figure 4.4). The best fit model included 
the phylogenetic hypothesis proposed by Pyron and Weins (2011) for mouth opening velocity 
and by Zhang et al. (2008) for hyobranchial depression velocity (Table 4.4, Figure 4.1). Species 
that only utilize suction feeding have higher mouth opening velocity than species that perform 
both behaviors (p=0.0061) (Table 4.1, Figure 4.4). Hyobranchial depression velocity was greater 
in species that only use suction feeding compared to those that only use tongue projection 
(p=0.0056) or perform both feeding behavior (p=0.0394). Additionally, species that feed using 
both tongue projection and suction feeding had greater hyobranchial depression velocity than 
species that only project their tongues (p=0.0316) (Table 4.1, Figure 4.4).  
 
Feeding Performance 
 No model significantly predicted suction-feeding or tongue-projection performance in 
salamandrids (Table 4.5, Figure 4.5).  Though the overall model was not significant, fluid 
velocity produced during feeding were significantly different. Species that only suction feed 
generate greater flow velocity than species that only use tongue projection (p=0.0121) or those 
that use both tongue projection and suction feeding (p=0.0351) (Table 4.1, Figure 4.5).  
 
 
93 
 
Morphology and Performance 
 Flow velocity during suction feeding was best predicted by the morphology of the RC 
muscles, with CSA of the RC muscles describing 93% of the total variation in flow velocity 
generated during suction feeding (Table 4.6). Models which included the CSA of RC muscles 
and the phylogenies described in Pyron and Weins (2011) and Zhang et al. (2008) were near 
equal predictors, with an evidence ratio of only 1.01 between the models (Table 4.6, Figure 4.1). 
Salamandrids that had a greater CSA of the RC muscles generated higher flow velocity than 
those with lower CSA (Table 4.1). No model significantly predicted the relationship between 
morphology and tongue projection duration or velocity (Table 4.6). 
 
Discussion  
Through phylogenetic comparative methods we can assess the evolutionary relationships 
between traits, as well as make inferences about the evolution of ecology and behavior. 
Salamandrids are ecologically diverse, with extant taxa represented across terrestrial, semi-
aquatic, and aquatic microhabitats. The common ancestor for Family Salamandridae was likely 
semi-aquatic and not only fed in both terrestrial and aquatic environments, but also possessed the 
ability to perform both tongue projection and suction feeding (Figure 4.1i). These ancestral states 
are expected because extant taxa in the clade formed by Family Ambystomatidae and 
Dicamptodontidae, which is sister to salamandrids, have similar feeding ecology and behavior 
(Deban and Wake, 2000; Wake and Deban, 2000). Salamanders within the Salamandrinae, 
including Chioglossa and Salamandra, and Salamandrininae, including the single genus 
Salamandrina, likely independently lost the ability to feed in aquatic environments (Figure 4.1ii 
and iii). The feeding morphology and performance of these species, including gracile, 
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cartilaginous hyobranchial apparatus and rapid, powerful tongue projection, underlie the inability 
to suction feed in these taxa (Table 4.1) (Miller and Larsen, 1990; Stinson and Deban, in review 
A). Deeply nested within Family Salamandridae, the aquatic newts, Paramesotriton and 
Pachytriton, have subsequently lost the ability to project their tongues (Figure 4.1iv). These 
salamanders have morphology specialized for aquatic feeding, including highly mineralized 
hyobranchial apparatus, reduced tongue pads, and relatively more massive feeding musculature 
compared to semi-aquatic and terrestrial salamandrids. These morphological specializations 
generate high fluid velocity during suction feeding events (Stinson and Deban, in review A, B).  
 
Morphology 
Cross-sectional area of the RC muscles is reduced in species using both behaviors; semi-
aquatic salamandrids have lower CSA of the RC muscles compared to aquatic species (Figure 
4.2). The RC muscles power oropharyngeal expansion during suction feeding, and a large CSA 
produces forceful, and powerful, muscle contractions (Deban and Wake, 2000; Hill, 1938; 
Powell et al., 1984). Higher hyobranchial depression velocity and acceleration have been 
correlated with greater aquatic feeding performance in salamandrids (Miller and Larsen, 1989; 
Stinson and Deban, in review A). Salamanders that only suction feed can generate relatively 
higher contractile forces and power during hyobranchial depression (inferred from muscle CSA 
and mass) than species that both suction feed and use tongue projection (Figure 4.2). The RC 
muscles also retract the tongue during terrestrial feeding (Wake and Deban, 2000). Terrestrial 
feeding performance is lower in species that perform both behaviors, with tongue retraction 
power being lower in semi-aquatic newts than in terrestrial salamandrids (Stinson and Deban, in 
review B). 
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 Morphology of the hyobranchial apparatus appears to co-evolve with ecology in 
salamandrids (Table 4.2, Figure 4.3). Aquatic and semi-aquatic newts can feed on land and in 
water, while terrestrial species are limited to feeding on land (Table 4.1, Figure 4.1). A lighter, 
flexible tongue skeleton, as seen in terrestrial salamandrids, enhances tongue projection (Table 
4.1, Figure 4.3).  Less force is needed to accelerate smaller masses and greater flexibility of the 
hyobranchial apparatus aids in medial folding of this structure as the tongue is projected out of 
the mouth (Table 4.1, Figure 4.3). Conversely, species that feed in water require morphology that 
facilitates suction feeding, including a robust, mineralized hyobranchial apparatus (Özeti and 
Wake, 1969; Stinson and Deban, in review A). Some salamandrids are able to feed in both 
terrestrial and aquatic environments, however trade-offs in the function of the hyobranchial 
apparatus yield lower feeding performance (Stinson and Deban, in review B).  
Functional requirements of terrestrial feeding specialist are reflected in the evolution of 
hyobranchial apparatus composition. Terrestrial prey capture is hypothesized to have evolved 
from aquatic prey capture, and terrestrial feeding performance above a given level may only be 
possible with the loss of suction-feeding abilities (Gillis and Lauder, 1994; Reilly, 1996). The 
current study provides support for this hypothesis as terrestrial salamandrids with the greatest 
tongue-projection performance were unable to feed aquatically. Similar results are seen in 
plethodontids as feeding is suspended during metamorphosis from a suction-feeding larva to a 
tongue-projecting metamorphs (Deban, 2003; Deban and Marks, 2002).  
Concordance between hyobranchial apparatus morphology and ecology has also been 
reported in other amphibious taxa (Fortuny et al., 2011; Heiss et al., 2016; Özeti and Wake, 
1969; Reilly, 1986, 1987; Reilly and Lauder, 1988; Stinson and Deban, in review A, B; Xiong et 
al., 2013). Hynobiid salamanders have associations between composition of the hyobranchial 
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elements and ecology, with greater mineralization occurring in aquatically feeding species 
(Xiong et al., 2013). Skull morphology of extinct aquatic temnospondyls show similar 
morphological patterns and specializations for aquatic feeding. Aquatic taxa had well-tapered 
snouts and greater mineralization of the hyobranchial apparatus (Fortuny et al., 2011). These 
results further support those of the current study, and indicate convergence of hyobranchial 
apparatus composition across aquatically feeding amphibians.  
 
Feeding Kinematics 
 Rapid mouth opening and hyobranchial depression facilitate suction production during 
aquatic feeding (Day et al., 2005; Stinson and Deban, in review A, B; Svanbäck et al., 2002). 
Maximum mouth opening and hyobranchial depression velocity were best predicted by behavior 
in salamandrid salamanders (Table 4.3). Salamandrids that only perform suction feeding have 
faster mouth opening velocity than species that use both suction feeding and tongue projection 
(Table 4.1, Figure 4.4). When comparing aquatic and semi-aquatic newts feeding in water, and 
terrestrial, semi-aquatic, and aquatic salamandrids feeding on land, mouth opening velocity is 
greatest in aquatic newts, regardless of feeding environment (Miller and Larsen, 1990; Stinson 
and Deban, in review A, B).  
 Additionally, fully aquatic newts rapidly expand the oropharynx when feeding in water 
and on land. Hyobranchial depression velocity is highest in species which only suction feed, 
followed by species that both suction feed and use tongue projection (Table 4.1, Figure 4.4). 
Hyobranchial movements appear exaggerated in suction feeding species when feeding 
terrestrially, implying that they are employing suction-feeding kinematics on land (Miller and 
Larsen, 1989, 1990; ; Stinson and Deban, in review A, B). Similar movement patterns have been 
97 
 
seen in aquatic turtles feeding on land, with greater and more rapid hyobranchial depression 
occurring, independent of environment, compared to the hyobranchial depression of semi-aquatic 
turtles (Stayton, 2011).  
Though the results of the current study suggest that neither ecology nor behavior are good 
predictors of hyobranchial depression distance or duration, or tongue projection distance, these 
models cannot yet be ruled out (Tables 4.3 and 4.4). Statistical power may not be high enough to 
currently detect significance using phylogenetic comparative methods, given the limited number 
of taxa examined. Because of this limitation, further research is required.  
 
Feeding Performance 
 Organismal performance is associated with behavior and microhabitat, and 
morphological specializations occur to enhance performance within a particular environment 
(Blankers et al., 2012; Fortuny et al., 2011; Herrel et al., 2002; Holzman et al., 2012; Leim, 
1990; Scales et al., 2009; Segall et al., 2016; Stayton, 2011; Westneat, 1995). Models including 
behavior and ecology were better predictors of suction-feeding and tongue-projection 
performance, respectively; however, none of the constructed models were significant predictors 
of feeding performance (Table 4.5). Testing feeding performance in a larger range of species 
may increase the power of these analyses. Though the models were not significant, salamandrids 
that use only suction feeding generated faster flow velocity than species that only utilized tongue 
projection or were able to perform both behaviors (Table 4.1, Figure 4.5).  
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Morphology and Performance 
 Increasing the CSA of RC muscles permits higher forces to be generated during 
contraction, and ultimately increases performance (Powell et al., 1984; Stinson and Deban, in 
review A). Morphology of the RC muscles and fluid velocity are highly related in salamandrids. 
Species with greater CSA of these muscles generate faster fluid velocity (Tables 1 and 6). The 
RC muscles power hyobranchial depression, which when combined with rapid mouth opening, 
generate negative pressure for suction feeding (Deban and Wake, 2000). These results are similar 
to those comparing the suction feeding performance of semi-aquatic and aquatic salamandrids, in 
which semi-aquatic species have lighter mass and lower CSA of RC muscles, and slower flow 
velocity when compared to an aquatic newt (Stinson and Deban, in review A).  
Duration of tongue projection is correlated with SAR muscle mass and percent 
mineralization of the hyobranchial apparatus is related to tongue projection velocity. The overall 
best-fit models for these relationships were not significant, however (Table 4.6). The lack of 
significance in these relationships is likely caused by the limited range of species for which 
tongue projection duration and velocity have been quantified. Current models also may not 
account for the complex interactions between morphology and performance (Dean et al., 2007). 
Both SAR muscle mass and mineralization of the hyobranchial apparatus are correlated with 
tongue-projection performance, suggesting that tongue projection may be better described by a 
combination of morphological parameters, and by accounting for these complex interactions, the 
best model may be identified. 
Evolutionary correlations between morphology and performance have long been of 
interest to researchers who wish to understand adaptations of an organism to its environment 
(Arnold, 1983; Bonine and Garland, 1999; Goodman et al., 2008; McElroy and Reilly, 2009; 
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Scales et al., 2009; Wainwright et al., 2007; Westneat, 1995). Not only is organismal 
performance correlated with morphology, but these correlations provide information on the 
functional demands and interactions of complex behaviors, such as foraging and feeding. In 
centrarchid fishes, the demands placed on feeding systems influence locomotor systems; pectoral 
fin area is negatively correlated with maximum gape (Higham, 2007). The feeding and 
locomotor systems are also linked in the plethodontid salamander, Desmognathus marmoratus, 
as features such as head shape and enlarged dorsal spinal muscles are adaptations for feeding and 
burrowing behaviors (Schwenk and Wake, 1993). Furthermore, the rate of evolution can be 
influenced by these interactions as traits that undergo performance trade-offs often evolve more 
rapidly, as seen in the feeding systems of teleost fishes, or have higher convergence rates, such 
as head shape in aquatically feeding snakes (Holzman et al., 2012; Segall et al., 2016). 
Understanding these complex systems and their evolutionary rates may become increasingly 
important when conducting ancestral reconstructions of feeding morphology and performance, 
especially in semi-aquatic species.    
 
Conclusions 
The results reported here indicate that the evolution of feeding morphology, kinematics, 
and performance in salamandrids is multi-faceted. Both behavior and ecology are important 
predictors for the feeding parameters tested, as determined by model selection. No single 
phylogenetic hypothesis best described the tested relationships, however models accounting for 
shared evolutionary history were better predictors overall of feeding morphology, kinematics, 
and performance in salamandrids than models that assumed no phylogenetic relatedness across 
species. To better understand the evolution of ecology and behavior of salamanders, studying the 
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morphology and performance of more taxa is key. Morphology of the RC muscles was highly 
associated with flow velocity produced during suction feeding, which is consistent with the 
structure-determines-function paradigm of many evolutionary studies. By studying the interplay 
of morphology, performance, behavior, and ecology in a phylogenetic context, as well as gain 
insight to the functional trade-offs in feeding systems that have occurred over evolutionary time. 
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Figures 
 
 
 
Figure 4.1. Phylogenetic hypotheses for the Family Salamandridae. Feeding ecology is 
represented by a square for species that only feed terrestrially and a circle for species that feed 
both in water and on land. Colors are used to represent behavior for each species. Orange, purple, 
and green represent species that feeding using only tongue projection, only suction feeding, or 
both tongue projection and suction feeding, respectively. (A) Depicts the modified phylogeny 
presented in Pyron and Weins (2011) and (B) is the modified phylogenetic hypothesis of Zhang 
et al. (2008) for the Family Salamandridae. The scale underneath each tree represents time as 
millions of years ago. Markings along a branch represent hypotheses for the evolution of feeding 
ecology and behavior in Family Salamandridae based off of parsimony. (i) Denotes an ancestral 
salamandrid that likely fed both aquatically and terrestrially and was able to use both tongue 
projection and suction feeding. This is likely the ancestral state because the families sister to 
salamandrids (i.e., ambystomatids and dicamptodontids) possess similar feeding ecology and 
behavior. (ii) and (iii) Represent the independent losses of feeding in an aquatic environment, as 
well as the ability to suction feed in two clades of salamandrids. (iv) Depicts the loss of tongue 
projection within a deeply nested clade of aquatic newts. 
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Figure 4.2. Box plots of (A) cross-sectional area of the rectus cervicis muscles and the (B) 
subarcualis rectus muscle mass. Significant models have a plus-sign in the plot window. Shared 
letters over the bars indicate that means are not significantly different. Each point represents 
individual species included in the model. 
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Figure 4.3. Box plot for percent mineralization of the hyobranchial apparatus. The model was 
significant, shown by a plus-sign in the plot window. Groups are significantly different from 
each other. Each point represents individual species included in the model. 
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Figure 4.4. Box plots of (A) average maximum mouth opening velocity and (B) average 
maximum hyobranchial depression velocity. Significant models have a plus-sign in the plot 
window. Shared letters over the bars indicate that means are not significantly different. Each 
point represents individual species included in the model. 
 
110 
 
 
 
Figure 4.5. Box plot for average peak fluid velocity generated during suction feeding events. The 
overall model was not significant, however, differences between groups were significant. Shared 
letters over the bars indicate that means are not significantly different. Each point represents 
individual species included in the model. 
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Tables 
 
Table 4.1. Values and sources of data used for phylogenetic analyses. 
Species 
SVL 
(cm) 
Cross-sectional 
Area RC (cm2) 
SAR Mass (g) 
Mineralization of 
Hyobranchial 
Apparatus (%) 
Hyobranchial 
Depression (m) 
Tongue 
Projection (m) 
Time to Max 
Depression (s) 
Chioglossa lusitanica 4.98 0.0038 0.004 1.18 0.0003 0.0072 0.020 
Cynops cyanurus 4.29 0.0113 0.012 58.65 0.0021 0.0009 0.072 
Cynops pyrrhogaster 4.75 - - - - 0.0011 - 
Ichthyosaura alpestris 5.00 - - - 0.0046 - - 
Lissotriton vulgaris 5.00 - - - 0.0040 0.0116 - 
Notophthalmus viridescens 4.53 0.0034 0.005 51.30 0.0026 0.0027 0.160 
Pachytriton brevipes 5.75 - - - - 0.0000 - 
Paramesotriton labiatus 7.41 0.0374 0.084 68.77 0.0038 0.0000 0.062 
Pleurodeles waltl 6.99 0.0113 0.023 40.59 0.0031 0.0031 0.085 
Salamandra salamandra 9.94 0.0176 0.027 0.00 0.0018 0.0080 0.113 
Salamandrina terdigitata 3.55 - - - - 0.0047 - 
Taricha torosa 8.25 - - - - 0.0054 - 
Triturus dobrogicus 7.37 0.0122 0.009 58.73 0.0046 0.0022 0.073 
Tylototriton verrucosus 8.15 - - - 0.0085 0.0027 0.091 
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Table 4.1 (Continued) 
Species 
Tongue 
Projection 
Duration (s) 
Mouth Opening 
Velocity (m s-1) 
Hyobranchial 
Depression 
Velocity (m s-1) 
Tongue 
Projection 
Velocity (m s-1) 
Average 
Peak Fluid 
Velocity 
Generated 
(m s-1) 
Source  
Chioglossa lusitanica 0.020 0.197 0.070 1.861 - 
Stinson and Deban, in 
review B 
Cynops cyanurus 0.042 0.199 0.093 0.028 0.167 
Stinson and Deban, in 
reviewA, B 
Cynops pyrrhogaster - - - - - Miller and Larsen, 1990 
Ichthyosaura alpestris - 0.135 0.125 - - Heiss et al., 2013 
Lissotriton vulgaris - 0.100 0.100 - 0.060 
Heiss et al., 2015; Van 
Wassenberg and Heiss 
2016 
Notophthalmus viridescens 0.118 0.149 0.088 0.049 0.155 
Stinson and Deban, in 
review A, B 
Pachytriton brevipes 0.000 - - - - Miller and Larsen, 1990 
Paramesotriton labiatus 0.000 0.369 0.206 0.000 0.433 
Stinson and Deban, in 
review A 
Pleurodeles waltl 0.092 0.161 0.105 0.089 0.221 
Stinson and Deban, in 
review A, B 
Salamandra salamandra 0.073 0.289 0.093 0.184 - 
Stinson and Deban, in 
review B 
Salamandrina terdigitata - - - - - Miller and Larsen, 1990 
Taricha torosa - 0.038 - 0.045 - Findeis and Bemis, 1990 
Triturus dobrogicus 0.090 0.171 0.143 0.062 0.265 
Stinson and Deban, in 
reviewA, B 
Tylototriton verrucosus - - 0.125 - - 
Miller and Larsen, 1990; 
Heiss and De Vylder, 
2016 
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Table 4.2. Summary of AICc results for morphology variables. Models shown in order from best to least support. 
Dependent Variable 
Adaptive 
Model 
Phylogentic Tree AICc ΔAICc 
Evidence 
Ratio R2 
p-value 
Cross-sectional Area of 
Rectus Cervicis Muscles 
Behavior Zhang et al., 2008 -34.96 0.00 1.00 0.92 0.0142 
 
Behavior 
Pyron and Weins, 
2011 
-34.79 0.17 1.09 0.93 0.0112 
 
Ecology Zhang et al., 2008 -31.66 3.30 5.21 0.26 0.2429 
 
Ecology 
Pyron and Weins, 
2011 
-31.15 3.81 6.72 0.34 0.1943 
 Ecology none -19.43 15.53 2.36E+03 0.12 0.3447 
  Behavior none 5.71 40.67 6.78E+08 0.89 0.0203 
Subarcualis Rectus 
Muscle Mass 
Behavior Zhang et al., 2008 -24.53 0.00 1.00 0.94 0.0078 
 
Behavior 
Pyron and Weins, 
2011 
-24.32 0.21 1.11 0.95 0.0060 
 
Ecology Zhang et al., 2008 -16.97 7.56 43.82 0.09 0.3684 
 
Ecology 
Pyron and Weins, 
2011 
-16.27 8.26 62.18 0.19 0.2933 
 
Ecology none -5.76 18.77 1.19E+04 -0.05 0.4891 
  Behavior none 15.88 40.41 5.96E+08 0.92 0.0125 
Percent Mineralization of 
Hyobranchial Apparatus 
Ecology Zhang et al., 2008 62.68 0.00 1.00 0.78 0.0214 
 
Ecology 
Pyron and Weins, 
2011 
62.89 0.21 1.11 0.76 0.0258 
 
Behavior Zhang et al., 2008 71.48 8.80 81.45 0.86 0.0305 
 
Behavior 
Pyron and Weins, 
2011 
71.58 8.90 85.63 0.85 0.0343 
 
Ecology none 76.78 14.10 1.15E+03 0.86 0.0084 
  Behavior none 113.65 50.97 1.17E+11 0.91 0.0154 
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Table 4.3. Summary of AICc results for position and timing variables. Models shown in order from best to least support. 
Dependent Variable 
Adaptive 
Model 
Phylogentic Tree AICc ΔAICc 
Evidence 
Ratio R2 
p-value 
Hyobranchial Depression Ecology Zhang et al., 2008 -91.46 0.00 1.00 0.34 0.0964 
 
Ecology 
Pyron and Weins, 
2011 
-90.77 0.69 1.41 0.32 0.1084 
 
Ecology none -88.18 3.28 5.16 0.49 0.0403 
 
Behavior Zhang et al., 2008 -85.98 5.48 15.49 0.27 0.2001 
 
Behavior 
Pyron and Weins, 
2011 
-85.58 5.88 18.92 0.27 0.2028 
  Behavior none -80.19 11.27 280.06 0.46 0.0880 
Tongue Projection 
Behavior 
Pyron and Weins, 
2011 
-92.41 0.00 1.00 -0.17 0.7154 
 
Behavior Zhang et al., 2008 -90.87 1.54 2.16 -0.16 0.7008 
 
Ecology 
Pyron and Weins, 
2011 
-86.16 6.25 22.76 -0.15 0.7059 
 
Ecology Zhang et al., 2008 -84.98 7.43 41.06 -0.15 0.6917 
 
Ecology none -83.21 9.20 99.48 -0.01 0.3616 
  Behavior none -83.21 9.20 99.48 -0.09 0.3692 
Time to Maximum 
Hyobranchial Depression 
Ecology 
Pyron and Weins, 
2011 
-25.96 0.00 1.00 -0.22 0.7086 
 
Ecology Zhang et al., 2008 -25.64 0.32 1.17 -0.12 0.5716 
 
Behavior 
Pyron and Weins, 
2011 
-18.68 7.28 38.09 -0.18 0.6255 
 Behavior Zhang et al., 2008 -18.26 7.70 46.99 -0.10 0.5573 
 Ecology none -17.47 8.49 69.76 -0.02 0.4571 
  Behavior none 0.20 26.16 4.80E+05 -0.13 0.5848 
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Table 4.4. Summary of AICc results for velocity variables. Models shown in order from best to least support. 
Dependent Variable 
Adaptive Model Phylogentic Tree AICc ΔAICc 
Evidence 
Ratio Adj R2 
p-value 
Maximum Mouth 
Opening Velocity 
Behavior 
Pyron and Weins, 
2011 
-13.78 0.00 1.00 0.66 0.0227 
 
Behavior Zhang et al., 2008 -13.03 0.75 1.45 0.58 0.0416 
 
Ecology Zhang et al., 2008 -7.06 6.72 28.79 -0.18 0.7450 
 
Ecology 
Pyron and Weins, 
2011 
-6.27 7.51 42.73 -0.12 0.6119 
 Behavior none -5.29 8.49 69.76 0.53 0.0572 
  Ecology none -2.94 10.84 225.88 -0.24 0.8822 
Maximum Hyobranchial 
Depression Velocity 
Behavior Zhang et al., 2008 -32.18 0.00 1.00 0.67 0.0212 
 
Ecology Zhang et al., 2008 -30.54 1.64 2.27 0.39 0.0721 
 
Ecology none -29.48 2.70 3.86 0.60 0.0165 
 
Ecology 
Pyron and Weins, 
2011 
-28.73 3.45 5.61 0.38 0.0760 
 
Behavior 
Pyron and Weins, 
2011 
-28.59 3.59 6.02 0.60 0.0370 
  Behavior none -25.71 6.47 25.41 0.72 0.0125 
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Table 4.5. Summary of AICc results for feeding performance variables. Models shown in order from best to least support. 
Dependent Variable 
Adaptive 
Model 
Phylogentic Tree AICc ΔAICc 
Evidence 
Ratio R2 p-value 
Average Peak Fluid 
Velocity 
Behavior 
Pyron and Weins, 
2011 
-2.87 0.00 1.00 0.79 0.0256 
 Behavior Zhang et al., 2008 -1.82 1.05 1.69 0.74 0.0391 
  Behavior none 27.32 17.10 5.17E+03 0.77 0.0279 
Tongue Projection 
Duration 
Ecology Zhang et al., 2008 -11.12 0.00 1.00 0.17 0.8564 
 
Ecology 
Pyron and Weins, 
2011 
-10.95 0.17 1.09 0.13 0.8355 
 
Behavior Zhang et al., 2008 -5.78 5.33 14.40 0.46 0.2160 
 
Behavior 
Pyron and Weins, 
2011 
-5.58 5.53 15.89 0.47 0.2135 
 
Ecology none 2.04 13.16 720.63 0.23 0.8513 
  Behavior none 35.47 46.59 1.31E+10 0.23 0.2191 
Maximum Tongue 
Projection Velocity 
Ecology 
Pyron and Weins, 
2011 
17.14 0.00 1.00 0.41 0.1211 
 Ecology Zhang et al., 2008 17.61 0.47 1.27 0.44 0.1017 
 Ecology none 25.12 7.98 54.08 0.32 0.0360 
 
Behavior 
Pyron and Weins, 
2011 
25.70 8.56 72.26 0.35 0.2452 
 
Behavior Zhang et al., 2008 26.32 9.18 98.45 0.60 0.2232 
  Behavior none 43.64 26.50 5.69E+05 0.60 0.1151 
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Table 4.6. Summary of AICc results for performance variables correlated with morphology and the interaction of morphology with 
behavior. Models shown in order from best to least support. 
 
Dependent Variable Adaptive Model 
Phylogentic Tree AICc ΔAICc 
Evidence 
Ratio 
R2 p-value 
Average Peak Fluid 
Velocity 
CSA of RC 
Pyron and Weins, 
2011 
-10.29 0.00 1.00 0.93 0.0199 
 
CSA of RC Zhang et al., 2008 -10.30 0.01 1.01 0.92 0.0349 
 
SAR Mass 
Pyron and Weins, 
2011 
-7.52 2.77 3.99 0.88 0.0191 
 SAR Mass Zhang et al., 2008 -7.51 2.78 4.01 0.86 0.0325 
 % Mineralization Zhang et al., 2008 0.45 10.74 214.86 0.30 0.0487 
 CSA of RC + Behavior Zhang et al., 2008 0.88 11.17 266.40 0.88 0.0236 
 
% Mineralization 
Pyron and Weins, 
2011 
1.01 11.30 284.29 0.35 0.0637 
 
CSA of RC + Behavior 
Pyron and Weins, 
2011 
1.16 11.45 306.43 0.89 0.0202 
 SAR Mass + Behavior Zhang et al., 2008 1.88 12.17 439.22 0.87 0.0292 
  % Mineralization + Behavior Zhang et al., 2008 2.00 12.29 466.38 0.86 0.0300 
 
SAR Mass + Behavior 
Pyron and Weins, 
2011 
2.27 12.56 533.79 0.88 0.0256 
 
 % Mineralization + Behavior 
Pyron and Weins, 
2011 
2.40 12.69 569.63 0.87 0.0263 
 
CSA of RC none 8.64 18.93 1.29E+04 0.89 0.0930 
 
SAR Mass none 11.65 21.94 5.81E+04 0.80 0.0912 
 
% Mineralization none 18.44 28.73 1.73E+06 0.23 0.0092 
 
CSA of RC + Behavior none inf - - 0.84 0.0167 
 
SAR Mass + Behavior none inf - - 0.72 0.0256 
   % Mineralization + Behavior none inf - - 0.70 0.0218 
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Table 4.6 (Continued) 
 
Dependent Variable Adaptive Model 
Phylogentic Tree AICc ΔAICc 
Evidence 
Ratio 
R2 p-value 
Tongue Projection 
Duration 
SAR Mass 
Pyron and Weins, 
2011 
-21.50 0.00 1.00 0.34 0.0993 
 
CSA of RC 
Pyron and Weins, 
2011 
-21.37 0.13 1.07 0.33 0.1048 
 
SAR Mass Zhang et al., 2008 -21.14 0.36 1.20 0.28 0.1279 
 
CSA of RC Zhang et al., 2008 -20.91 0.59 1.34 0.25 0.1412 
 
% Mineralization Zhang et al., 2008 -17.57 3.92 7.11 -0.20 0.9713 
 
% Mineralization 
Pyron and Weins, 
2011 
-17.34 4.16 8.01 -0.20 0.9149 
 SAR Mass none -14.21 7.28 38.18 0.20 0.1761 
 CSA of RC none -14.05 7.44 41.31 0.18 0.1887 
 % Mineralization none -11.40 10.10 155.99 -0.20 0.9531 
 
 % Mineralization + Behavior 
Pyron and Weins, 
2011 
-3.79 17.71 7.00E+03 0.31 0.3046 
 
 % Mineralization + Behavior Zhang et al., 2008 -3.74 17.76 7.18E+03 0.28 0.3233 
 
SAR Mass + Behavior Zhang et al., 2008 -3.12 18.38 9.80E+03 0.21 0.3645 
 
SAR Mass + Behavior 
Pyron and Weins, 
2011 
-2.98 18.51 1.05E+04 0.23 0.3559 
 CSA of RC + Behavior Zhang et al., 2008 -2.83 18.67 1.13E+04 0.18 0.3849 
 
CSA of RC + Behavior 
Pyron and Weins, 
2011 
-2.79 18.70 1.15E+04 0.21 0.3691 
 
 % Mineralization + Behavior none 37.03 58.52 5.11E+12 0.32 0.2980 
 
SAR Mass + Behavior none 37.63 59.12 6.89E+12 0.26 0.3349 
  CSA of RC + Behavior none 38.12 59.61 8.80E+12 0.21 0.3680 
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Table 4.6 (Continued) 
 
Dependent Variable Adaptive Model 
Phylogentic Tree AICc ΔAICc 
Evidence 
Ratio 
R2 p-value 
Maximum Tongue 
Projection Velocity 
% Mineralization 
Pyron and Weins, 
2011 
15.65 0.00 1.00 0.18 0.1878 
 % Mineralization Zhang et al., 2008 16.64 0.99 1.64 0.17 0.1956 
 
CSA of RC 
Pyron and Weins, 
2011 
17.85 2.20 3.00 -0.12 0.5791 
 
SAR Mass 
Pyron and Weins, 
2011 
18.06 2.41 3.33 -0.16 0.6784 
 CSA of RC Zhang et al., 2008 18.56 2.92 4.30 -0.09 0.5146 
 SAR Mass Zhang et al., 2008 18.86 3.21 4.98 -0.14 0.6281 
 % Mineralization none 23.20 7.55 43.64 0.34 0.0991 
 CSA of RC none 26.15 10.50 190.91 -0.01 0.3718 
 SAR Mass none 26.59 10.94 237.55 -0.07 0.4733 
 
CSA of RC + Behavior 
Pyron and Weins, 
2011 
29.73 14.08 1.14E+03 0.49 0.1999 
 
CSA of RC + Behavior Zhang et al., 2008 30.01 14.36 1.31E+03 0.53 0.1765 
 
SAR Mass + Behavior 
Pyron and Weins, 
2011 
30.77 15.13 1.92E+03 0.49 0.2464 
 SAR Mass + Behavior Zhang et al., 2008 31.14 15.49 2.32E+03 0.45 0.2217 
 
 % Mineralization + Behavior 
Pyron and Weins, 
2011 
35.99 20.34 2.61E+04 -0.28 0.6529 
 
 % Mineralization + Behavior Zhang et al., 2008 37.07 21.42 4.49E+04 -0.24 0.6731 
 
CSA of RC + Behavior none 71.41 55.76 1.28E+12 0.64 0.1232 
 
SAR Mass + Behavior none 72.84 57.19 2.62E+12 0.56 0.1648 
   % Mineralization + Behavior none 78.63 62.98 4.74E+13 -0.28 0.5089 
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